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The objective of the project were to: 1) evaluate the feeding value of proso millet
as a potential substitute for corn in corn-soybean meal-based diets for pigs; and 2)
investigate the relationship between feed ingredients and virus survivability, followed by
examining feed additive candidates that could mitigate the risk of transmission of viral
pathogens.
In Exp. 1, 36 barrows were fed 1 of 4 dietary treatments, including: Diet 1, cornsoybean meal-based (control), and Diets 2, 3, and 4 had proso millet replacing 33%, 67%,
and 100% of corn in the control diet, respectively. During Phase 3, pigs consuming the
proso millet diets (Diets 2, 3, and 4) had greater ADFI than pigs consuming the basal
diet, but ADG:ADFI was not different among groups. The growth parameters (i.e., ADG,
ADFI, and ADG:ADFI) were not affected by treatments during the whole experimental
period (from Phase 1 to Phase 4), suggesting that the level of corn replacement up to
100% by proso millet did not affect pig growth.
In Exp. 2, ground corn, SBM, DDGS, and a complete feed, were inoculated with
PRRSV, followed by a cell-based antiviral assay and qRT-PCR to evaluate the infectivity

of each virus-inoculated ingredient. A significant reduction of infectious PRRSV was
observed in ground corn, DDGS and complete feed, while SBM retained the highest
amount of the infectious virus among ingredients and controls. The results suggested that
the survivability of PRRSV in feed appears to be influenced by ingredient type. The
follow-up experiment was conducted to assess the antiviral activity of selected MCFAs,
as determined by antiviral assay and qRT-PCR. The antiviral assay showed that all tested
MCFA and MCFA blends inhibit PRRSV in a dose-dependent manner, indicating that
MCFAs and the specific mixture of fatty acids may potentially serve as mitigants for
reducing the risk of PRRSV transmission via feed.
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CHAPTER 1: LITERATURE REVIEW
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PROSO MILLET
Description
Millet is the world’s sixth most important cereal grain, feeding more than onethird of the world’s population (Verma & Patel, 2012; Changmei & Dorothy, 2014). It is
a highly nutritious cereal grain used in several ways, such as bird and livestock feed,
human consumption, and ethanol production (Rachie, 1975; Kothari et al., 2005). Millets
are small-seeded annual cereals grown in many regions, in which Asian and African
continents maintain the top five largest millet producers. Among the millet species (e.g.,
pearl millet, finger millet, kodo millet, foxtail millet, and barnyard millet) produced
worldwide, proso millet, Panicum miliaceum (L.), is the most prominent species traded in
the world market, and the United States (U.S) is also among the top producers (Castro,
2013). Approximately 400,000 metric tons of proso millets were produced in the U.S in
2021 (USDA, 2022).
Nutrient composition
As a well-known source of energy and protein, proso millets have a high nutritive
value, commensurate with major cereals such as wheat, rice, and corn (Amadou et al.,
2013; Saleh et al., 2013). Several predominant features of proso grain compared to other
cereals are high in micronutrients (e.g., B-complex, phosphorous), dietary fiber, phenolic
compounds, lipids, and protein content (Hulse et al., 1980; Devi et al., 2014; Gupta et al.,
2014). Though proso millet is easy to digest, feeding this grain to livestock requires
additional processing.
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Protein
Along with energy, protein is one of the significant feed components that affect
the growth performance of the animal. The protein content in proso millet is comparable
to corn and wheat; however, it depends on many factors such as nutrients in soils,
environmental and weather conditions, during grain formation. A study conducted by
Kalinová and Moudry (2006) showed that proso millet contains similar total protein
(around 12% of dry basis), but considerably greater amounts of essential amino acids
(EAA) (e.g., leucine, isoleucine, methionine) than wheat. Thus, compared to wheat, the
protein quality of proso millet (Essential Amino Acid Index; EAAI) was higher (51%).
The EAAI compares the amount of the EAA to the amount of that present in a reference
protein (e.g., milk or egg protein). According to FAO (1995), like most other cereal
grains, the limiting amino acid of millet protein is lysine, which concentration ranges
from 1.4 to 4.3% (FAO, 1995; Kalinová, 2006). However, the lysine concentration of
proso is still greater than that of wheat (Kalinová, 2006). The amino acid of proso millet
protein considered marginal is threonine (Dendy, 1995), while the amount of other EAA
in the protein of proso millet is sufficient.
Fiber
Cereal grains play a vital role as a source of dietary fiber in animal diets. Crude
fiber is a relatively minor constituent in cereal grains, but the crude fiber content of
millets ranges from 3.2 to 4.7%, in which the soluble fiber reaches about 36% of total
fiber (Habiyaremye, 2017; Jinshad & Pillai, 2019). Although the amount of fiber
included in diets for monogastric animals is limited to a certain concentration due to the
concern of decreasing nutrient utilization and lowering net energy values (Noblet, 2007),
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dietary fiber is still an irreplaceable component, providing positive effects such as
stimulating gut health, increasing satiety, affecting behaviour and overall improvement of
animal well-being (Wenk, 2001).
Phenolic compound
Phenolic compounds are products of plant metabolism. Plant phenolic compounds
have raised the interest of the research community as many beneficial effects have been
identified, such as having roles as antioxidants, immunity benefits, antimicrobial
properties, and overall production performance enhancement in poultry and swine
(Mahfuz, 2021). It should be noted that there are many phenolic compounds, and not all
of them have positive effects on animal performance, such as polyphenols and tannins.
Polyphenols in cereals have an adverse effect on colour, flavour, and nutritional quality.
The concentration of phenolic compounds in proso millet is around 0.1 mg per 100 g of
catechin equivalent (CE; Dendy, 1995), primarily found in the outer coat of the grain.
Thus, extra processing to remove the hard-wrapped layer is recommended. Tannin is
reported as a nutritive value-decreasing biomolecule binding to protein and amylase;
thus, it might reduce protein digestibility and block starch degradation. The total tannin
content in proso millet is about 0.1% CE (Lorenz, 1983). Through the grain-dehulling
process, the tannin level of proso grain decreases 65 to 80% as the hulls contain 15 to 40
times more tannin than dehulled grains (Lorenz, 1983).
Lipid
Lipids are a concentrated energy source; thus, any significant alteration of the
inclusion level of lipids in animal diets may affect growth rate, feed efficiency, and diet
palatability. According to Obilana (2002), millets have high lipid content, ranging from
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3.5 to 6.75%, compared to other cereals, namely, corn, rice, and sorghum (Obilana, 2002;
Girish et al., 2014). For cereals, only oats have a greater content (7.14%) of lipids in the
grain than proso millets (Becker, 1994). The proso millet lipid is comprised of
approximately 90% unsaturated acids, of which polyunsaturated acids constitute about
42% (Becker, 1994). The primary fatty acids of millet grain are linoleic, oleic, and
palmitic (Dendy, 1995). It should be noted that these acids can be oxidized and produce
an unpleasant taste if the proso millet is stored for an extended period, potentially
reducing the animal’s feed intake. Jasovskij (1987) suggested that proso grain should be
used within three months and stored at common room temperature conditions in order to
preserve the original taste of the material.
Vitamins and minerals
Vitamins and minerals play a role in contributing to the performance of farm
animals, so these two nutrient classes also cannot be neglected. Pathak (2013) reported
that dehulled proso millets are rich in micronutrients, particularly B-complex vitamins,
including niacin (vitamin B3), pyridoxine (vitamin B6), and folate (vitamin B9). Relative
to other grains, thiamine (vitamin B1) and riboflavin (vitamin B2) concentrations are
twice as high in proso millet compared to rice, wheat, and barley. Due to the majority of
mineral compounds in proso millet being constituted in the outer layer (pericarp and
aleurone) and germ, feed processing like dehulling reduced the mineral content up to
50% (Dendy, 1995). Thus, proso millet is poor in calcium but rich in phosphorus, as
grain seeds contain a high amount of phosphorus (Table 1). Proso grain is also rich in
iron and manganese. Overall, the contents of most minerals in the proso millets are
comparable to or slightly greater than those of other cereal grains (Table 1).
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Feeding value
Proso millet has existed for thousands of years, and this grain is widely dispersed
in many countries around the world. Besides being a human foodstuff, nutrient-rich proso
millet can be used as a major component in animal diets. In comparison to the nutrient
content of corn, proso millet is similar to or slightly greater in fat, fiber, and gross energy
(GE). However, as the outer layer constitutes a small proportion of starch, the true
metabolizable energy (TME) of dehulled proso millet is lower than that of corn. Dry
matter digestibility (DMD) and TME/GE are also lower in the proso grain than in the
corn. Except for lower levels of lysine, proso millet protein is comparable to or even
slightly higher than corn protein.
The potential use of proso millet in animal feed has not been recognized as there
are limited studies conducted to evaluate the feeding value of this grain. One of the most
recent works published by Luis (1980) showed that with the same inclusion level in
broiler diets, there was no significant difference in body weight gain or feed efficiency
between the corn-diet and the proso millet-diet groups. A follow-up experiment that
focused on layer chicken emphasized that proso millet diets supported equivalent
reproduction performance such as egg production, egg weight, feed consumption, and
feed efficiency compared to corn diets (Luis et al., 1982). In addition, the feeding value
of proso millet is not well-documented in swine diets. A series of trials feeding proso
grain on growth performance in pigs was conducted in 1938 (Wilson & Wright, 1938);
these researchers determined that ground proso millet had 60 to 90% feeding value of
shelled corn. More recent work conducted at North Dakota State University (Berglund,
2007) studying nutritional characteristics of proso millet showed that proso millet could
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be used as the primary grain in swine diets, in which the combination of proso and other
cereals (e.g., barley and corn) is recommended to maintain growth performance.
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CORN
Description
Corn – also known as maize, Zea mays (L.), is an annual crop considered the
earliest cultivar of the world. As a major staple grain, corn is widely distributed
throughout many continents, but most corn is currently grown and harvested in America
and Asia, as the U.S, China, and Brazil are the top three largest corn-producing countries,
accounting for more than 63% of world corn production (USDA, 2022). With over 1
billion metric tons produced steadily in the past ten years, accounting for approximately
50% of total grains yielded globally (Shahbandeh, 2022a, 2022b), corn is a prominent
feed grain and acknowledged as a gold-standard energy source for livestock diets by
many animal nutritionists. Because this grain plays a benchmark role in animal diets,
other grains are commonly compared to corn when their nutritional value is estimated.
Many by-products of corn processing for flour (hominy feed, bran, germs, oil meal),
starch (corn gluten feed, corn gluten meal), and alcohol/biofuel industries (distillers’
dried grains and solubles) can also be fed to animals.
Processes
Approximately 80% of the annual corn harvest is currently used to directly feed
livestock, poultry, and fish, while the great majority of the remainder is delivered to
milling processes to produce a variety of products such as starches, oils, and ethanol.
Thus, corn grain is probably the most common form of corn included in animal diets
compared to corn-processed products (e.g., germ meal, corn gluten feed, corn gluten
meal, and corn oil – via wet-milling process; dried distillers grains and low-value animal
feed products – via dry-milling process). Preserving corn post-harvesting is required to
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maintain its quality; thus, fresh field-shelled corn usually undergoes a drying process to
reduce moisture to a minimum of 15% due to the fact that corn is physiologically mature
when the ears reach 35% moisture (Uhrig, 1992). Therefore, dietary corn grain is
generally fed as a dry grain (less than 15% moisture) or high-moisture maize grain (22 to
28% moisture). It is worth mentioning that the corn-heating process should not go over
150°C because this reduces nutritive value and acceptability by pigs (Patience et al.,
1995). In regard to processing methods, dry- or high-moisture corn grain can be available
as: 1) Whole grain, shelled (no processing); 2) Finely ground (fine meal); 3) Cracked
(medium size particles); 4) Steam-rolled (partly moistened and flattened grains); and 5)
Steam-flaked (heated, moistened, and pressured grains). Depending on specific
circumstances and the pros and cons of each corn type, one of these corn-processing
techniques is preferably applied when feeding animals (Blezinger, 2005).
Nutrient composition
Protein
The protein content of corn has a considerably high proportion of the sulfurcontaining amino acids (i.e., methionine and cysteine), but a fairly low percentage of the
essential amino acids (i.e., lysine and tryptophan). Soybean protein, however, is a good
source of lysine and tryptophan, but a relatively poor source of methionine and cysteine.
Therefore, a combination of corn and soy protein is preferred in swine diets because the
amino acids compositions of these two ingredients are complementary to each other.
Corn’s protein profile may vary due to genetic manipulation by plant breeders and, to a
lesser extent, by crop year, soil fertility, crop management, and climatic conditions
(Earle, 1977; Asghari & Hanson, 1984). The protein content of U.S hybrid 13 corn, for
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example, may range from 7.3% for continuous planting to 10.7% for seasonal planting,
while Illinois high-protein corn has protein levels fluctuating between 13.5% and 20.0%
for nitrogen-deficit and nitrogen-fertilizer strains, respectively (Nuss & Tanumihardjo,
2010; Ilyas et al., 2014).
It is important to identify common amino acids supplemented in diets based on
the corn-soybean meal ratio. During the weaning period, nutritionists would consider
methionine as the first limiting amino acid in up-to-15-kg pig’s diets, and then lysine
would be the first limiting amino acid for the whole growing-finishing period. In most
cases, soybean meal is the go-to source of lysine because of the economic advantage and
availability; thus, soybean meal is often coupled with corn to fulfil the protein and lysine
requirements in the swine diets. Additionally, diets containing soybean meal usually set
the protein level up at about two percentage points above the recommended requirement
in order to meet the second limiting amino acid (i.e., methionine). Furthermore, a cornbased diet with over-the-recommendation lysine would be beneficial for specific
nutritional applications (DeRouchey et al., 2007). Nevertheless, synthetic lysine should
also be considered as an economical alternative for corn-soybean meal combinations
when soybean meal becomes expensive.
Fiber
Cereal grains are well-known for their relatively low crude fiber content. Corn is
no exception, with less than 3% crude fiber on a dry matter. As a result, neutral detergent
fiber (NDF) is also minor constituent of corn, at approximately 12% (Table 1). As dietary
fiber negatively impacts energy and nutrient utilization by monogastric animals, corn
having high starch and low fiber content, contains greater energy density than other
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cereal grains and consequently becomes the leading cereal grain used in many countries.
However, recent trends in seeking low-cost alternatives such as corn co-products or from
the biofuel and milling industries to reduce feed costs have increased gradually. A few of
these co-products (e.g., corn bran and corn distillers grain) have high energy and nutrient
concentration, but are fibrous in nature. Besides, recent studies are available regarding
the amount of fiber from corn that growing-finishing pigs can consume without
compromising growth performance (Harbach et al., 2007; Stein & Shurson, 2009). These
data have made dietary fiber, especially corn fiber, receive considerable attention recently
due to the beneficial effects of some fiber components on pigs’ intestines, satiety, and
behavior (Montagne et al., 2003; Bindelle et al., 2008; De Leeuw et al., 2008; Knudsen et
al., 2012).
Lipid
Current corn hybrids have about 4% of oil content with linoleic acid as a
predominant fatty acid (2.9% of the whole corn, dry basis; Laurie et al., 2004; Moreau et
al., 2009). Therefore, corn is an excellent source of essential fatty acids and energy for
swine. Corn oils comprise approximately 90% unsaturated acids, of which
polyunsaturated acids account for about 72% (Serna-Saldívar, 2010).
As fat contributes more metabolizable energy than starch or protein, some highoil corn hybrids have recently been developed with 3 to 4% greater oil concentrations
than regular yellow corn (Lambert et al., 1998). Thus, feed formulated with high-oil corn
varieties is believed to improve animal performance, which was attributable to the
calorie-dense content of oil compared to that of starch on a weight basis (Adeola &
Bajjalieh, 1997; Lambert et al., 2010).
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Vitamins and Minerals
Corn contains a significant amount of vitamin A and vitamin B, including thiamin
(vitamin B1), niacin (vitamin B3), pyridoxine (vitamin B6), and biotin (vitamin B7) (Loy
& Lundy, 2019). Though an adequate amount of niacin is present in corn and other cereal
grains, niacin deficiencies are common in monogastric animal diets containing high
concentrations of corn because it exists in a bound form unavailable to the animal
(Christianson et al., 1968). Corn is also a good source of vitamin E; however, vitamin E
content in corn may vary slightly among the genetic sources (Weber, 1984). In addition
to the vitamin E content in corn being greatly lost during storage and processing, using
high-polyunsaturated fatty acids ingredients such as corn in swine diets may increase the
nutritional requirement for vitamin E (Sebrell & Harris, 1971).
Corn is a poor source of calcium (Table 1), but the concentration of other
minerals such as phosphorus, potassium, and magnesium is comparable to other cereal
grains. Because the majority of the phosphorus in corn (≥ 85%) is in the storage form of
phytate (NRC, 2012), a digestive enzyme, phytase, is required to release phosphorus from
phytate for absorption and to prevent interference with the availability of certain
minerals, particularly calcium, magnesium, zinc, and iron (Underwood, 1963). Supplying
supplemental sources of trace minerals is recommended in a corn-soybean meal diet to
prevent deficiencies; thus, zinc, copper, iron, manganese, iodine, and selenium are the
typical trace minerals included in the swine diet.
Mycotoxins
Mycotoxins are toxic metabolic by-products produced by fungi that grow in corn
kernels produced or stored under adverse conditions (Shotwell, 1977). Though not all
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fungi produce toxins, mycotoxins have a tremendous economic impact on animal
production due to the impairment of zootechnical performance. More than 200
mycotoxins have been identified, but the most significant mycotoxins believed to cause
economic loss in corn are aflatoxins, zearalenone, vomitoxin, fumonisin, and ochratoxins
(Hesseltine, 1979).
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PORCINE REPRODUCTIVE AND RESPIRATORY SYNDROME VIRUS
Description
Porcine reproductive and respiratory syndrome virus (PRRSV) is an enveloped,
non-segmented, positive-sense single-stranded RNA virus from the Arteriviridae family
that causes a highly-contagious disease characterized by two critical clinical
presentations, severe reproductive impairment in sows of any parity, and respiratory
problems affecting pigs of all ages. Two well-known PRRSV genotypes currently exist,
including type 1, or European-like (prototype Lelystad), which spread predominantly on
the European continent; and type 2, or North American-like (prototype VR-2332), with
mostly confining on the American continent, as well as in Asia (Mardassi el al., 1994).
PRRSV shows a remarkable genetic variability with substantial heterogeneity due to the
high error rate of viral RNA-dependent RNA polymerase. The significant genetic and
antigenic differences between these two genotypes are documented as genotypes 1 and 2
only share approximately 60% of sequence identity and exhibit serotype differences, as
well as the calculated rate of nucleotide substitution, have been the highest reported thus
far amongst RNA viruses (Lunney et al., 2016). Thus, genetic and antigenic variability
between regions remains a perpetual challenge for disease control.
Economic loss
Porcine reproductive and respiratory syndrome (PRRS) is reported to be one of
the most prevalent diseases with the highest economic impact on modern pig production
worldwide since the eradication of classical swine fever (Lunney et al., 2010). Owning to
the different impacts of PRRS on the production process from farrowing to finishing
(Figure 1), it might be complicated to gauge the economic impact in the endemic phase as
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the losses are often inconspicuous. To a greater extent, as in the epidemic phase, a study
conducted by Neumann et al. (2005) estimated that production losses to PRRS in the
United States (U.S) pig industry approximated $560 million per year. In agreement with
the previous author, a more recent national-level study showed a similar economicallydamaged magnitude as the total production losses in the U.S breeding and growing-pig
herds were at $664 million annually (Holtkamp et al., 2013). In addition to country-wise
calculations of PRRS-related economic losses, several attempts have been made to focus
on the impact of PRRS at the farm level. For example, a European study estimated that
average-size farrow-to-finish herds undergoing a PRRS outbreak might suffer around
$110 per sow per year (Brouwer et al., 1994), while an American study concluded a
different number as an average loss of the moderate-capacity farm suffering an acute
outbreak would fall around $250 per sow per year (Holck & Polson, 2003). Two followup studies from the Netherlands (Nieuwenhuis et al., 2012) and Spain (Anonymous,
2013) took a more detail approach to elaborate on the potential cost of a PRRS outbreak
based on economic status and the epidemiological transition over an extended period.
The loss during the observed time was calculated as being $200 per sow produced for a
farrow-to-finish farm and 3 to $160 per sow produced for a breeding farm.
As many calculations on the financial impact of PRRS are documented, there is a
need for a more systematic way to assess the economic effect of this disease. Thereby, an
up-to-date economic disease model was developed to determine the costs of PRRS for an
individual farm with many farm-simulating aspects integrated based on three levels of
affection by PRRS, including slight, moderate, and severe infections (Nathues et al.,
2017). According to this study, a farrow-to-finish farm (1,000 sows) might endure annual
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losses, ranging from a median of $81,000 for slightly affected to $700,000 for severely
affected cases.
Transmission
PRRSV is highly infectious as the infectious dose is believed to be as little as ten
virions. Once infected, the virus may be present in nasal secretions, urine, semen,
mammary secretions and feces; thus, semen and close contact transmission become the
primary sources of viral introduction. Experiments have shown that the infectious virus
can be detected in the semen of experimentally-infected boars for 35 days post-infection
(Albina, 1997) and possibly up to 92 days post-infection (Christopher-Hennings et al.,
1995). With the advent of artificial insemination and boar studs, implementing strict
biosecurity and monitoring of PRRSV in these facilities should be taken into
consideration. As the virus has been reported to be present in nasal and fecal swabs or
urine from PRRSV-challenged pigs (Rossow et al., 1994), the infection seemingly
spreads through nose-to-nose or slurry contact among carriers and susceptible animals.
Airborne transmission has been proposed as a potential route of spread because the
aerosolized virus can pose a significant threat to nearby farms (less than 1 km; De Jong et
al., 1991; Le Potier et al., 1995); however, this finding was not reproducible by
laboratory experiments as it was concluded that aerial transmission was extremely
difficult to achieve over short distances of 1.0 to 2.5 m (Wills et al., 1997; Otake et al.,
2002a).
PRRSV is unlikely to be spread to pigs by rodents, but some avian species (e.g.,
Mallard ducks, guinea fowl, and Comish cross chickens) can be susceptible to PRRSV,
resulting in potential vectors (Zimmerman et al.. 1993). Several studies have established
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the role of fomites in disease transmission. The known replication-competent insect
vectors are not well-documented, but mosquitoes and houseflies are capable of spreading
the virus mechanically (Pitkin et al., 2009). Inanimate objects (e.g., boots, coveralls,
plastic, stainless steel, rubber) may also pose some risk to naive animals, but practising
sanitation protocols was proven to effectively prevent transmission of PRRSV from
contaminated fomites (Pirtle & Beran, 1996; Otake et al., 2002b). Recent studies have
proposed that feed ingredients are a negligible risk of transmitting viral pathogens. Thus,
the following section will further discuss the role of feed ingredients as vehicles for the
survival and transmission of PRRSV.
Role of feed ingredients in PRRSV transmission
As several cases of Porcine Epidemic Diarrhea Virus (PEDV) outbreaks have
been reported in the swine industry worldwide since 2013 (Song et al., 2015), it has been
hypothesized that feed ingredients can serve as vehicles for the transmission of viral
pathogens as early cases of PED in Canada were associated with a common feed source
containing spray-dried porcine plasma (Aubry et al., 2017). In addition, genetic evidence
disclosed the close relationship between U.S strains and Chinese strains of PEDV (Huang
et al., 2013), raising concerns that the contaminated commodities imported from foreign
countries may have been the route of introduction. Piling up anecdotal evidence,
speculation, and early investigation (Dee et al., 2014) had further intimated feed
ingredients as the potential transmission vehicle for viruses, albeit the source(s) and
route(s) of introduction had stayed unknown.
To validate the aforementioned hypothesis, many experiments were conducted by
a few investigators on many viruses, such as PRRSV, PEDV, classical swine fever virus
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(CSFV), and African swine fever virus (ASFV), resulting in the confirmation of the
effects of certain feed ingredients on viral survival under laboratory condition. For
example, soy-based products consistently have been shown to promote viral survival over
time (Dee et al., 2014, 2018; Stoian et al., 2019). The following work of Dee et al.
(2021), which was extensively conducted under real-world shipping conditions, provided
further evidence that soybean meal (organic and conventional; SBM) might possess
protective properties to favour significant viruses of swine, particularly PRRSV. In
addition to SBM, dried distillers grain with solubles (DDGS) was also shown to support
PRRSV survivability using swine bioassays to determine the infectivity of feed
ingredients (Dee et al., 2018). Contrary to soy products and DDGS, corn appeared to
deteriorate viral survival. In a study examining PRRSV survivability, Pirtle and Beran
(1996) concluded that pH level (<7) of corn samples, unknown substances present in the
corn samples, or both might have contributed to virus inactivation as no virus was
detected in PRRSV-spiked corn sample at day 0 of post-inoculation. Collectively, it is
suggested that PRRSV can survive in feed ingredients, but survival duration is variable
and dependent on the feed matrix.
Although the route of introduction and the risk of disease transmission of feed
ingredients were previously discussed, there are information gaps in the mode of
introduction of the exotic viral pathogen into the domestic pig herd. For example, in order
for materials to be considered potential fomite of virus transmission, the materials must
be contaminated with the pathogenic agent; bypass inactivation through transport, feed
manufacturing, processing, and distribution; and be consumed at a level that may cause
infection in susceptible animals. Thus, future research is required to elucidate these
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information gaps, generate accurate estimates of potentially contaminated feed materials,
and make rational decisions regarding risk mitigation measures.
Prevention
Despite sustained efforts, there is no specific treatment for PRRSV-infected herds.
Furthermore, PRRSV infection not only causes high mortality and morbidity, but also
facilitates hosts to be more susceptible to virus-induced secondary infections; therefore,
treatments can generally be symptomatic and aim to prevent secondary infections caused
by other viruses or bacteria. Besides implementing control practices to “stabilize” the
PRRSV infection, such as animal quarantine, serologic testing, herd depopulation and
repopulation, and herd closure and rollover, effective prevention procedures should be
considered. Strategies to prevent the introduction of viruses to the farming system have to
build on two central practices: vaccination and biosecurity.
Albeit vaccination protocols are available and their effectiveness has been
documented (Zuckermann et al., 2007; Martelli et al., 2009), it is crucial to match the
genotype of the vaccine with the PRRS strain(s) at the farm. Vaccination of pigs may
reduce clinical disease and transmission of the wild-type virus, even though it does not
help prevent PRRSV infection. It is worth noting that the attenuated live vaccine can last
long enough in pigs to be dispersed to semen and oral fluids; thus, it is recommended to
not use the live vaccine in naïve herds, pregnant sows or breeding gilts and boars (Dietze
et al., 2011). A disadvantage of PRRS vaccines is that it is almost impossible to
distinguish between naturally infected and vaccinated animals if serological test (e.g.,
ELISA) are implemented to detect PRRS antibodies. Moreover, there is a potential risk of
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infection with a modified-live vaccine strain that the vaccinal virus can revert to a more
virulent form (Mortensen et al., 2002).
Because the vaccination against PRRSV infection has achieved little success, the
primary important prevention method is the application of basic biosecurity measures.
Practicing animal segregation, increased hygiene for visitors, application of quarantine
for pigs entering a herd and appropriate cleaning and disinfection at critical production
stages will effectively reduce the opportunities for virus introduction to the herd. As the
risk of disease transmission involving feed ingredients and swine viruses was discussed
above, applying mitigation strategies to potentially contaminated feed materials is
important and should not be neglected. As reviewed by Gordon et al. (2019), mediumchain fatty acids and formaldehyde-based products were shown to be effective mitigants
rendering PEDV inactive, suggesting they also might be useful to treat feed ingredients
contaminated with other enveloped viruses (i.e., PRRSV).

21

MEDIUM-CHAIN FATTY ACIDS
Description
Medium-chain fatty acids (MCFAs) are a group of fatty acids with 6 to 12 carbon
atoms. These organic acids are saturated, unbranched, and have monocarboxylic acid (RCOOH) as a core chemical structure, including caproic acid (C6), caprylic (C8), capric
(C10), and lauric (C12) acids (Table 2). As coconuts and palm kernels contain a
relatively high content of C8, C10, and C12 (Table 3), MCFAs are primarily produced as
a by-product of coconut or palm processes, such as lipid fraction separation, fermentation
of organic substrates, and chain elongation (Stamatopoulou et al., 2020). MCFAs have
been commonly used as a feed additive in animal diets. It has been shown that these acids
positively affect animal performance (Kour et al., 2020). A variety of MCFAs products
are already available on the market (Šefer et al., 2015), but its triacylglycerols-based
(medium-chain triacylglycerols; MCTs) supplements have usually been added to animal
feed (Oprean et al., 2011) due to pure form of MCFAs have an unpleasant odor. A
considerable number of performance-inducing effects of MCFAs are well-documented by
Baltić et al. (2017); however, in the subsequent discussion, only those organic acids’
effects on microorganism are discussed.
Properties of MCFAs
Antibacterial activity
Medium-chain fatty acids have caught the attention of nutritionists due to the
antibacterial effects related to the fatty acids’ undissociated state (Eklund, 1983). Due to
the undissociated and fat-soluble form, MCFAs can penetrate the bacterial semipermeable membrane and invade the cytoplasm. Inside the cell, the dissociation of
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MCFAs occurs because MCFAs’ pKa (4.8 to 5.0; Thormar, 2010) is lower than the
intracellular pH (6.5 to 9.0; Booth, 1985) of bacteria. The undissociated fatty acids lower
cytoplasmic pH in bacteria, suppressing enzyme and nutrient transport systems in the
cytoplasm and eventually leading to cellular death. The antibacterial effect of MCFAs
may also occur in acid-producing bacteria, for example, lactobacillus spp. (Zentek et al.,
2011), even though they are acid-resistant.
The antibacterial activity of MCFAs has been elaborated because the first ban on
the use of feed antibiotics was enacted in 1995 by the European Union. Based on the
early work of Hassinen et al. (1951), who shown that the growth of bacterial cultures was
inhibited by C8 and C10, intensive research on the bactericidal and bacteriostatic effects
of MFCAs on Escherichia coli and Clostridium perfringens was undertaken. Because of
the ubiquity and harming ability in swine intestine, Escherichia coli and Clostridium
perfringens were investigated in many experiments (Sprong et al., 2001; Marounek et al.,
2003; Skrivanová et al., 2006; Hanczakowska et al., 2013 & 2016). The results
consistently showed that: 1) C8 and C10 exhibited potent antibacterial effects compared
to other saturated fatty acids (C2 – C18; Marounek et al., 2003; Hanczakowska et al.,
2013); 2) C8 and to a lesser extent C10 had significant antimicrobial activity against
Escherichia coli, lowering the number of Escherichia coli in numerous parts of the
intestines (Marounek et al., 2003; Skrivanová et al., 2006; Hanczakowska et al., 2016);
and 3) C8 and C10 exerted a strong antibacterial effect on Clostridium perfringens in the
piglet digestive tract, especially in the cecum (Sprong et al., 2001; Marounek et al., 2003;
Skrivanová et al., 2006; Hanczakowska et al., 2013). In addition, recent findings
(Skrivanová et al., 2006; Shilling et al., 2013) also have provided evidence defining the
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mechanism of action of MCFA against bacteria using Transmission electron microscopy,
which revealed that MCFAs damaged the cytoplasmic structure of bacteria by disrupting
the inner and outer membranes.
Antiviral activity
A first steppingstone to reveal the virus-inactivating ability of fatty acids was laid
in the 1930s with the discovery of Rous sarcoma virus, a tumour-causing agent causing
sarcoma in chicken, being inactivated by a fatty acid ─ sodium oleate (C18:1 cis-9; Begg
& Aitken, 1932). A plethora of has have since been conducted to evaluate the virucidal
activity of fatty acids and how their chemical structure (i.e., saturation status, carbonchain length, and solubility properties) affect viral infectivity. Studies by Kohn and coworkers (1980a) showed that fatty acids reduced the infectivity of enveloped viruses
without showing toxicity to animal cells, and the infectivity of naked viruses lacking host
cell-derived envelopes remained unchanged. They concluded that the effect of fatty acids
on enveloped viruses is caused by losing the rigidity of the biological membranes,
resulting in nullifying the viruses by dissolving their envelopes (Kohn et al., 1980a).
Hilmarsson et al. (2007) showed a noticeable difference in the activities of medium-chain
monoglycerides against herpes simplex virus (HSV), in which monocaprylin (C8:0) and
monocaprin (C10:0) were considerably more effective than other monoglycerides. This
finding seems to be supported by Thormar (2010), which showed that unsaturated
MCFAs exhibited little or no virus-inhibiting activity compared to saturated MCFAs.
There might have no correlation between solubility and virucidal activity because the
highest solubility ─ monocaprylin (C8 : 0) and the lowest solubility ─ monolaurin (C12 :
0) were less active than monocaprin (C10 : 0; Hilmarsson et al., 2007).
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Although the exact mechanism of how MCFAs inactivate viruses is unknown,
there seems to be a consensus that the fatty acids cause the disintegration of the bilayer
lipid envelope (Kohn et al., 1980b; Thormar et al., 1987). Medium-carbon saturated fatty
acids penetrate the viral envelope via hydrophobic effect, facilitating it permeable to
small molecules and thereby inactivating the virus. Antiviral effects have been described
for MCFAs (particularly C12) against two other enveloped viruses, Junin and vesicular
stomatitis viruses. C12 significantly reduced the aforementioned viruses yield by
interfering with the viral replication process. Due to the stimulation of triacylglycerol
production and increased incorporation into the host cell membrane, the insertion of viral
glycoproteins decreased and thus inhibited virion maturation as well as the cell-to-cell
spread of the virus (Hornung et al., 1994; Bartolotta et al., 2001).
Effects of MCFAs on pig production
Growth performance and gut health
The ban on pharmacological levels of zinc oxide in Europe has prompted an
increase in finding solutions that replicate the antimicrobial effects of zinc oxide to
mitigate diarrhea and improve nursery performance. Because the antibacterial activity of
medium-chain fatty acids was well-elucidated from the experiments previously discussed,
those fatty acids could be considered potential antibiotic replacements in nursery diets.
Weaning is one of the most critical periods in the life of pigs because the variety of stress,
such as the separation of piglets, the mix of different litters, and the change from a milkbased to a solid-based diet; are contributing to the incidences of diarrhea and a transient
post-weaning growth check. The induction of MCFAs into the diet could reduce the
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adverse effects associated with the post-weaning phase in piglets because MCFAs could
affect intestinal microflora changes and improve intestinal mucosa.
In addition to the alteration in Escherichia coli and Clostridium perfringens
counts found in the small intestine (Hanczakowska et al., 2016), other gut microbes in
swine were also affected by dietary MCFA. The number of coliforms was found to
decrease in the proximal small intestine of pigs consuming MCFA diets (Dierick et al.,
2003). Contrarily, an increase in the numbers of eubacteria, Enterobacteriaceae, and
Lactobacillus spp. was determined in the distal small intestine by enzymatically released
MCFA (Zentek et al., 2013). In addition to MCFAs being a readily available energy
source, MCFAs can improve gut development and integrity (Zentek et al., 2013; Liu,
2015). The data from an experiment conducted by Dierick et al. (2003) indicated positive
increases in performance parameters and a significantly greater ratio of villus height to
crypt depth in the small intestine, attributed to MCFAs. The duo of villus height and
crypts depth is crucial to determine the gut condition due to the epithelial cells near the
villus tips exert the greatest digestive and absorptive capacity (Tang et al., 1999); hence,
body weight gain can be correlated to villus height (Zijlstra et al., 1996). In agreement
with previous studies, Hanczakowska et al. (2011) showed that feeding C8 and (or) C10
fatty acids significantly improved body weight gain and resulted in greater villus height
in nursery pigs. However, it is noteworthy that MCFA type, purity, and inclusion rate in
the diet might contribute to the effectiveness of MCFAs on growth performance
(Gebhardt et al., 2017).

26

Feed pathogen mitigation
In addition to the reducing access to antibiotics, virus outbreaks (e.g., PEDV,
PRRSV and ASFV) are an ongoing challenge in the swine industry and have led to using
virus-mitigating feed additives to support pig production. MCFAs and their
monoglycerides have shared the spotlight with other potential options due to crucial
molecular properties and functions; including, but not limited to, the inhibitory activity
against viral pathogens. Because feed has been characterized to be a potential fomite of
swine virus transmission, MCFAs can also be considered as viral mitigants against the
enveloped viruses such as PEDV, PRRSV and ASFV, which have been found to be
present in the feed with a viable form for extended periods (Gordon et al. 2019; Jones et
al., 2020). Delivering MCFAs as a feed additive could diminish the amounts of viral
pathogens in feed and thus reduce the infection probability in the animal consuming
pathogen-contaminated feed.
The overall risk of feed as a vehicle for swine pathogen transmission might vary
among the pathogens, but enveloped viruses, many of which cause substantial mortality
and morbidity in a large number of the animal, still pose a moderate threat (Jones et al.,
2020). However, there are limited studies investigating this area, most of which have
focused on PEDV and the emergence of PEDV that may cause subsequent outbreaks. A
study conducted by Dee et al. (2016) investigated the effectiveness of a mixture of
MCFAs (C6:C8:10 with 1:1:1 ratio) to curb PEDV contamination of common feed
materials. The results from the in vitro experiment showed that the MCFA mixture
significantly decreased the amount of PEDV viral loads in feed materials; however, the
follow-up in vivo experiment inoculated piglets with PEDV-contaminated ingredient

27

failed to find a meaningful improvement of piglets fed MCFA-treated diets. Cochrane
and co-workers (2020) expanded the aforementioned work on MCFAs by examining
individual fatty acids (C6 to C12) and the combinations thereof on PEDV-contaminated
feed samples. In agreement with previous work, the MCFA blend displayed a potent
PEDV inhibitory, yet individual MCFA, including C6, C8 and C10, inhibited PEDV in
feed to varying extents.
Interestingly, a commercial C12 fatty acid, a member of MCFA product (FRA®
C12 DRY - FRA, Raamsdonksveer, Netherlands), did not exhibit a significant PEDVmitigating effect in this experiment. These results indicate the importance of having a
proper amount of C6 to C10 fatty acids for improved feed pathogen mitigation. Related
work was conducted by Gebhardt and his team (2020) to focus on the long-term effects
of MCFAs on PEDV contamination following storage. An MCFA blend (C6:C8:C10
with 1:1:1 ratio), C6, C8 and C10 alone were inoculated in feed samples before the
MCFA-treated feed samples were kept in a barn setting for 40 d and eventually
intentionally contaminated with PEDV. The significance of mitigating PEDV in the feed
was observed on both the blended and individual MCFAs, indicating that MCFAs are
long-lasting, stable, and remain functionally active once incorporated into feed.
Collectively, these findings illustrate that MCFAs can serve as an effective tool to
construct improved feed pathogen mitigation strategies. These strategies could be applied
to prevent the transmission of other enveloped viruses (e.g., PRRSV and ASFV), which
are capable of being spread via feed.
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Sources of MCFAs
Coconut oil (CO) and palm kernel oil (PKO) are the best-known natural sources
of medium-chain saturated fatty acids as more than half of their total fatty acid
composition are C8, C10, and C12 (C12 makes up of 45% of CO and PKO’s fatty acid
profile). Also, the proportion of C8 and C10 in CO is greater than in PKO (5.1 and 5.2 vs
2.5 and 2.9, respectively; Table 3). The former oil is derived from the coconut palm
(Cocos nucifera L.), while the latter is derived from the kernel of the fruit of oil palm
(Elaeis guineensis Jacq.), which grows in tropical regions of Asia, Africa, and Central
and South America. World CO and PKO production has been increasing over the past
decade partly due to greater global demand for the emerging applications of these oils.
For example, MCFA-based nasal spray used as a prophylactic or therapeutic to treat
COVID-19 caused by the novel SARS Coronavirus-2 was developed based on research
demonstrating the antiviral capability of CO (Ramesh et al., 2021). Total consumption of
CO and PKO is now estimated at 3.5 and 7 million metric tons per year, respectively,
accounting for 7.5% of world vegetable oil production (Rosillo-Calle et al., 2009; Pham,
2016). These two oils are produced mainly by conventional mechanical extraction
methods, primarily using a screw-pressing process. This process is used because of better
adaptability, simpler technology, and more flexible production compared to modern
solvent extraction methods used in larger plants that require high capital investment and
production cost (Tang & Teoh, 1985; Canapi et al., 2005). Non-human grade virgin
coconut oil and palm kernel oil, without undergoing additional solvent processes or postextraction treatments for removal of impurities, can be suitable for animal diets.
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Using CO and PKO as a replacement for other standard vegetable oils is not
unheard of in the swine industry. Replacing soybean oil with CO or PKO in diets for
nursery and grower pigs did not compromise growth performance (Braundmeier-Fleming
et al., 2020; Breuer & Kerr, 2020). In addition to supplying energy, these two MCFAdense oils could play a role in anti-infective strategies such as replacing antibiotics and
addressing infectious disease challenges in farm settings. Following up on the previous
work on the antibacterial effect of MCFA, López-Colom et al. (2019) examined the
efficacy of an MCFA salt-containing distilled coconut oil compared to two enteric
pathogenic challenges, Salmonella and E. Coli, in weanling piglets. In both Salmonella
and E. Coli challenge models, antibacterial effects were observed in the gastrointestinal
tract, as indicated by reduced Salmonella spp., enterobacteria and total coliform counts.
Han et al. (2011) evaluated the use of eucalyptus-MCFA-coated palm kernel oil to
promote piglet growth. The results showed that a significant improvement in growth
performance was achieved with the PKO coating eucalyptus-MCFA mixture compared to
an in-feed antibiotic blend (tiamulin and lincomycin) or zinc oxide.
MCFA-highly contained CO and PKO have been questioned about their virusinactivating properties and their applications in animal production. One of the potential
roles these vegetable oils could play in feed is pathogen mitigation by inhibiting viral
pathogens that might dwell in the feed. There are limited studies conducted in this area.
Cochrane et al. (2020) examined the mitigating effects of various oils (i.e., canola,
coconut, palm kernel, soy) on PEDV-contaminated feed samples. The data illustrated that
these dietary oils did not inhibit PEDV in feed to a significant extent; however, CO did
delay PEDV infectivity in pigs.
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Table 1. Chemical composition and nutritional value of proso millet and corn
Main analysis
Pig nutritive values
(Growing pig)
Energy digestibility
DE
MEn
NE
Nitrogen digestibility
Main analysis
Dry matter
Crude protein
Crude fiber
Neutral detergent fiber
Acid detergent fiber
Lignin
Ether extract
Ash
Starch
Total sugars
Gross energy
Minerals
Calcium
Phosphorus
Potassium
Sodium
Magnesium
Manganese
Zinc
Copper
Iron
1

Unit

Avg1
Proso
Corn
millet

SD2
Proso
Corn
millet

Min3
Proso
Corn
millet

Max4
Proso
Corn
millet

%
MJ/kg DM
MJ/kg DM
MJ/kg DM
%

77.4
14.9
14.5
11.4
78.6

88.1
16.5
16.1
12.9
81.4

-

2.1
0.9
5.6

-

85.3
14.6
72.7

-

91.4
17.0
86.9

% as fed
% DM
% DM
% DM
% DM
% DM
% DM
% DM
% DM
% DM
MJ/kg DM

90.6
14.2
7.4
23.2
12.0
2.3
5.6
4.0
64.2
1.9
19.3

87.2
9.5
2.3
11.9
3.1
0.6
4.1
1.4
73.1
3.1
18.7

1.3
1.8
1.7
1.5
2.5
1.3
2.0
0.1

1.8
0.7
0.3
2.4
0.6
0.2
0.3
0.1
0.3
0.3
0.3

88.0
10.6
4.6
10.3
3.4
2.8
60.2
18.9

84.9
8.2
1.8
8.5
2.1
0.5
3.2
1.2
69.0
2.8
18.1

91.5
17.2
10.7
13.9
11.1
8.9
67.2
19.3

90.8
11.5
2.8
16.4
4.5
1.1
4.9
1.8
74.8
3.6
19.3

g/kg DM
g/kg DM
g/kg DM
g/kg DM
g/kg DM
mg/kg DM
mg/kg DM
mg/kg DM
mg/kg DM

0.4
3.0
2.5
0.3
0.4
17.9
6.1
39.6

0.2
2.9
3.5
0.0
1.2
13.0
23.0
2.0
21.0

0.5
0.2
0.1
0.2
0.0
6.0
1.8
14.0

0.2
0.2
0.1
0.0
0.1
10.0
7.0
0.0
-

0.2
2.6
2.4
0.1
0.4
11.0
4.0
20.0

0.1
2.5
3.4
0.0
1.0
4.0
17.0
2.0
-

1.7
3.3
2.6
0.6
0.4
25.6
8.3
52.0

0.6
3.1
3.6
0.0
1.3
35.0
40.0
3.0
-

Average or predicted value
Standard deviation
3
Minimun value
4
Maximun value
Reference: NRC, 2012; Heuzé et al., 2017; Tran, 2015; Kalinová, 2007
2
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Table 1. Chemical composition and nutritional value of proso millet and corn; cont.
Main analysis

Unit

Amino acids
Alanine
Arginine
Aspartic acid
Cystine
Glutamic acid
Glycine
Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Proline
Serine
Threonine
Tryptophan
Tyrosine
Valine

g/16g N
g/16g N
g/16g N
g/16g N
g/16g N
g/16g N
g/16g N
g/16g N
g/16g N
g/16g N
g/16g N
g/16g N
g/16g N
g/16g N
g/16g N
g/16g N
g/16g N
g/16g N

1

Avg1
Proso
Corn
millet
9.9
3.7
8.0
2.3
21.4
2.8
2.2
4.5
13.4
2.3
3.5
4.9
5.9
4.7
3.8
1.8
3.1
5.4

7.5
4.9
6.8
2.2
18.1
3.9
2.9
3.6
11.8
3.1
2.1
4.8
8.7
4.7
3.5
0.7
3.4
4.9

SD2
Proso
Corn
millet
1.5
1.5
0.7
0.4
0.5
0.6
0.4
1.0
0.8
0.6

0.3
0.4
0.5
0.3
0.9
0.4
0.2
0.2
0.9
0.3
0.2
0.3
0.7
0.3
0.2
0.1
0.7
0.2

Min3
Proso
Corn
millet
7.4
5.7
2.1
1.8
3.2
1.3
4.3
3.5
1.4
2.3
3.6

6.8
4.2
5.8
1.6
16.4
3.1
2.5
3.2
9.4
2.6
1.9
4.2
7.5
4.3
3.2
0.6
2.2
4.5

Max4
Proso
Corn
millet
11.4
9.7
3.9
3.0
4.8
2.9
5.6
6.0
1.9
4.8
5.6

Average or predicted value
Standard deviation
3
Minimun value
4
Maximun value
Reference: NRC, 2012; Heuzé et al., 2017; Tran, 2015; Kalinová, 2007
2

8.0
5.7
7.7
2.7
19.6
4.3
3.4
3.9
13.6
3.7
2.5
5.3
9.7
5.1
3.9
0.8
4.6
5.4
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Table 3. Fatty acids profile for each fat sourcea
(adapted from Cochrane et al., 2020)

47

FIGURE

Figure 1. Flow diagram depicting the production process (left), the influence of PRRSV at the different stages of the production process (middle) and the
resulting impact on costs (right). (ADG = average daily weight gain, FCR = feed conversion ratio). (Adapted from Nathues et al. (2017))
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CHAPTER 2: EVALUATION OF PROSO MILLET AS A PARTIAL OR
COMPLETE REPLACEMENT FOR CORN IN GROWING-FINISHING DIETS
FOR PIGS
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ABSTRACT
An experiment was conducted to evaluate the effects of increasing the inclusion
of proso millet on the growth performance of growing and finishing pigs. Using a
randomized complete block design, 36 crossbred barrows, with an average initial weight
of 22.5 kg, were randomly assigned to 1 of 4 dietary treatments (9 pens/treatment; 1
pig/pen). Diet 1 was corn-soybean meal-based (control), and Diets 2, 3, and 4 had proso
millet replacing 33%, 67%, and 100% of corn in the control diet, respectively. The diets
were formulated according to 4 growth phases (P1, 25 to 50 kg BW; P2, 50 to 75 kg BW;
P3, 75 to 100 kg BW; and P4, 100 to 135 kg BW) with nutrient contents formulated
according to NRC (2012) recommendations. Data were analyzed using the GLIMMIX
procedure of SAS, using a pig as the experimental unit. In P1 and P2, no differences in
average daily gain (ADG) or average daily feed intake (ADFI) were observed among
treatments (𝑃𝑃 > 0.5). In P3, pigs consuming the proso millet diets had greater ADFI than
pigs consuming the basal diet, especially pigs fed Diet 4 vs pigs fed Diet 1 (3.66 vs 3.29
kg; 𝑃𝑃 < 0.01). The ADG:ADFI ratio was not affected (𝑃𝑃 > 0.1) by treatments during this
period. In P4, although there was a difference in ADFI between pigs fed Diet 3 and Diet

1 (3.8 vs 3.47 kg; 𝑃𝑃 = 0.04), no differences in ADG:ADFI ratio were observed among the
four dietary treatments (𝑃𝑃 > 0.5). The ADG was not affected (𝑃𝑃 > 0.3) by treatments

during the whole growing-finishing period, suggesting that the level of corn replacement
up to 100% by proso millet did not affect pig growth. In conclusion, proso millet
effectively replaced corn in corn-soybean meal-based diets for growing-finishing pigs
without compromising growth performance.
Keywords: growth performance, pigs, proso millet
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INTRODUCTION
Traditional cereal grains have witnessed a sustained increase in price during the
past 20 years (Schmit et al., 2009). In pig diets, corn and wheat are the most common
energy sources used worldwide in North America, Europe, Asia, and Australia.
Foreseeing price-increasing trends for these feed grains may take place due to: 1)
predictable events (e.g., increased demand by the food and ethanol industry (Tyner &
Taheripour, 2007), increased crude oil prices (Avalos, 2014)) and 2) unpredictable events
(e.g., national conflicts, international transportation disruption, supply shortages, and
natural disasters). Thus, the pork industry has been forced to find and consider the dietary
inclusion of alternative feedstuffs. One of the alternative ingredients that pique swine
researchers’ interest is millet grain.
Millet is considered one of the oldest crops globally, cultivated thousands of years
ago. Millets have been domesticated and dispersed all over the world, from Asia to
Europe (Sakamoto, 1987). There are wide varieties of millets, yet the majority of the
recent research has been dedicated to the three principal millet grains, namely Pearl millet
(Pennisetum glaucum), Finger millet (Eleusine coracana), and Proso millet (Panicum
miliaceum). However, among these millets, proso millet seems to have a lack of attention
as a potential alternative feedstuff for pigs in North America, regardless of having the
advantages of high production yield and nutritional value.
Proso millet is grown chiefly in the Midwest region, such as Nebraska, Colorado,
and South Dakota, producing almost 100% of the millet grain supply in the U.S.
Although Midwest farmers harvested nearly 10.3 million bushels in 2018 (USDA, 2020),
proso grain production as livestock feed is regarded to be of minor importance.
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Expanding proso millet production may be expected as the demand of using proso for
bird and livestock feed, human consumption, and ethanol production is increasing
(Rachie, 1975; Kothari et al., 2005; Habiyaremye, 2017). However, proso millet is rarely
included in the swine diets.
Proso is a highly nutritious cereal grain and can be comparable to other major
cereals such as wheat, rice, and corn (Amadou et al., 2013; Saleh et al., 2013). Due to
high nutrient-dense grain, including high levels of dietary fibers, phenolic compounds,
and protein content (Hulse et al., 1980; Devi et al., 2014; Gupta et al., 2014), proso millet
can theoretically be used as a major component in diets for pigs. Using corn as a
reference, proso has a better nutrient profile with greater levels of fiber, protein, and
gross energy (GE) (Luis, 1980). For example, except for lower concentrations of lysine
and glycine, proso millet protein is comparable to or even slightly improved compared to
corn protein. Though having a greater GE value than corn, dehulled proso millet has
lower metabolizable energy (ME) value than corn because of dehulling process that
removes the outer layer containing small amounts of starch. Thus, the feeding value of
proso is generally considered to be equal to that of corn when no more than 50 per cent of
corn in the diet is replaced (Lyon, 2008). With replacement rate of corn up to 100%,
proso millet is expected to have an 80 to 90% feeding value of corn in growing-finishing
swine diets, based on metabolizable (ME) and net energy (NE) values (Lyon, 2008).
However, based on changes in essential amino acid content relative to corn, the feeding
value of proso millet could theoretically approach 100% of corn.
Although proso millet has been considered a potential substitute source of energy
for corn since 1938 (Wilson & Wright, 1938; Kortan, 1977), there are, up until now,
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limited studies conducted to challenge or elaborate on the early work of feeding value of
proso millet in diets for pigs. A short report summarized by Berglund (2007) showed that
proso is suitable for inclusion in swine diets; especially, blending with other cereal grains
such as barley and corn is preferably applied in order not to impair growth performance.
Therefore, there is a need to conduct a well-prepared scientific experiment to
investigate the feeding value of proso grain in corn-soybean meal-based diets. The
objective of following study was to evaluate the effect of the replacement corn with proso
millet on growth performance in growing-finishing pigs.
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MATERIALS AND METHODS
Animals and experimental design
Animal handling and space for this experiment are in accordance with the “Guide
for the Care and Use of Agricultural Animals in Research and Teaching” (FASS, 2010).
The experimental protocol was reviewed and approved by the Institutional Animal Care
and Use Committee of the University of Nebraska (Lincoln, NE). Thirty-six crossbred
barrows were sorted by initial BW and randomly assigned to dietary treatment (4
treatments; 1 pig/pen). The average initial BW was 22.5 ± 2.5 kg, and there were 9
replicates per treatment. Pigs were housed in a temperature-controlled room, and each
pen had a nipple waterer and a self-feeder for ad libitum access to water and feed. Water
flow, the height flow of nipple waterers, and feed flow of feeders were adjusted
according to the development of the pigs.
Dietary treatments
The ingredient composition and calculated analysis of experimental diets are
presented in Table 1. Dietary treatments were arranged as proso millet replacing 0%,
33%, 67%, and 100% of corn, labelled as diet 1, 2, 3, and 4, respectively. For each
treatment, the diets were formulated corresponding to 4 growth phases (P1, from 25 to 50
kg; P2, from 50 to 75 kg; P3, from 75 to 100 kg; P4, from 100 to 135 kg), which meet or
exceed the NRC (2012) requirements. While Ca, available P and some limiting amino
acids (such as Lysine, Methionine, Threonine, and Tryptophan) were balanced among the
diets, ME was not balanced.
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Data and sample collection
Individual pig weights and feed disappearance were recorded every 14-d during
the experiment, with the initial weight being taken on d 0. All pigs were harvested
simultaneously as the mean final BW reached market weight (approximately 135 ± 3.0
kg). Performance traits were calculated through the following parameters: average daily
feed intake (ADFI), average daily gain (ADG), and feed efficiency (ADG:ADFI or G:F).
Diet sample analysis
Before analysis, diet samples collected for each growth period were ground
through a 1-mm screen using a high-speed grinding mill (Cyclotec sample mill, Tecator).
The samples were then analyzed in duplicate according to AOAC procedures (2012) for
DM and CP and in agreement with Van Soest et al. (1991) for fiber fractions (NDF). For
amino acids analysis, samples were hydrolyzed by 6 N HCL (107°C for 20 h) before
separating amino acids by ion-exchange chromatography using o-phthalaldehyde as a
derivatization reagent. After elution, amino acids were quantified by fluorescence
detection. The Ca and P contents of the diets were determined by inductively coupled
plasma atomic emission spectrometry (EPA, 2000) after microwave-assisted acid
digestion (EPA, 1996).
Statistical analysis
All data were analyzed as a completely randomized design using the GLIMMIX
and GLM procedures (SAS Institute Corp., Cary, NC), with means reported as leastsquares means (± SEM). Individual pigs served as the experimental unit and a random
effect. The statistic model for growth data included dietary treatment as a fixed effect.
Tukey’s method was used to examine differences among least-squares means.
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Differences among means were considered significant at 𝑃𝑃 ≤ 0.05 and marginally

significant at 0.05 ≤ 𝑃𝑃 ≤ 0.1. The linear and quadratic effects of treatment were also
evaluated.
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RESULTS
Growth performance
The growth performance results of this study are summarized in Table 2. All pigs
weighed an average of 54.0 kg, 89.9 kg, 116 kg, and 132.6 kg at P1, P2, P3, and P4,
respectively. The overall ADFI, ADF, and G:F of all experimental pigs were
approximately 2.87, 1.21, and 0.43, respectively. The results were greater than standard
growth parameters estimated by national research council (NCR, 2012), which were
around 2.34, 0.86, and 0.37, respectively. There were no differences in BW among
treatments at the end of the 13-wk experiment (𝑃𝑃 > 0.5). Feed intake during P1, P2, and
over the entire 13-week period was not affected (𝑃𝑃 > 0.5) by dietary treatment. During
P3, feed intake responded linearly (𝑃𝑃 = 0.03) to an increased substitution of proso millet
for corn; the maximum feed intake was achieved when 100% of corn was replaced with
proso millet (3.29 kg vs 3.66 kg for pigs fed diet replacing 0% of corn vs 100% corn,
respectively, 𝑃𝑃 < 0.05). This trend was also observed during P4, where the substitution of

proso millet for corn resulted in numerical increases in the rate of feed intake of pigs fed
proso millet diet compared to those fed non-proso millet diets. The greater feed intake
was associated with a numerical improvement in the rate of BW gain at all prosoreplacing-corn levels; however, no differences were observed in G:F (𝑃𝑃 > 0.1) by
substitution of proso millet for corn at any level of replacement during the entire
experiment period. Because of the different energy-source materials entering diets,
metabolizable energy (ME) was different among the diets. Total ME daily intake was
calculated in Table 3. No differences were observed for total ME intake among four
levels of replacement.
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DISCUSSION
Corn is predominantly used in formulating diets for pigs worldwide due to its
high starch and low fiber levels (Prandini et al., 2011). As global climate changes have
been highlighted recently (World Water Assessment Programme, 2009), a decrease in
water availability for irrigation might be expected; thereby, corn production would likely
be affected because irrigated corn requires large amounts of water for maximizing yields.
Moreover, problems related to aflatoxin may arise in hot and humid areas, such as some
parts of North and South America, due to Aspergillus Ear Rot, a disease of corn, which
leads to the contamination with aflatoxins (Piva et al., 2006; Pietri et al., 2012).
Proso millet might be a promising candidate to replace corn in the diets
commonly used in the American pig industry because of its drought-tolerance
characteristic and its ability to be grown in America soils. All proso millet and its
varieties were not only developed for high grain yield under dryland production
conditions, but also grown well under irrigation for specific reasons (Lyon, 2008). For
example, irrigated cornfields could be replaced in case of late-season hail or market
prices soaring up. Furthermore, the U.S is one of the top proso producers (Castro, 2013)
worldwide, with nearly 400,000 metric tons of proso millets produced in 2021 (USDA,
2022), allowing lower transportation expenses to countries belonging to the North and
South America region. Although proso prices have historically been higher than corn
(Lyon, 2008), this fluctuates immensely from season to season. Thus, depending on the
market price, nutritionists can determine the appropriate inclusion level of proso millet in
growing-finishing pig diets without causing additional diet costs.
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The ability of proso millet to support growth in pigs has not been welldocumented. Only a few studies were published over the past 100 years; for example, the
earliest finding of its potential role in effectively replacing corn in swine diets was
reported by Wilson and Wright (1938), who concluded that ground proso could provide
60 to 90% feeding value of shelled corn. Another observation was written by Berglund
(2007) in a short report that pigs receiving proso millet diets performed similarly to those
receiving other cereal grain diets, in which pigs fed a half-and-half mixture of proso-corn
had the greatest growth performance. Our data supported these findings partially because
not only proso millet could partially replace corn, but also proso grain could provide
100% feeding value of corn without compromising growth performance of growingfinishing pigs. In addition, proso millet has been successfully used in poultry diets (Luis,
1980) as a replacement for corn. Luis (1980) reported that no differences were observed
for BW gain or feed efficiency among the corn-diet and proso millet-diet groups in a
broiler trial. Consistent results were also observed in the follow-up experiment with layer
chickens conducted by the same author (Luis et al., 1982), as the growth performance of
pullets fed proso-based diets was comparable to the growth performance of pullets fed
corn-based diets.
As no isocaloric and isonitrogenous purposes were established, the substitution of
proso millet for corn resulted in altering the nutrient composition of the diets (Table 1), in
which there were potential factors that might affect growth performance of the animal,
including energy concentration, crude protein, and crude fiber (Campbell & Dunkin
1983; Henry, 1985; Asmus et al., 2014). The greater inclusion level of proso millet in the
diets led to decreased energy concentration, but greater crude protein content and crude
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fiber levels among the treatments. It is worthwhile to note that as limiting amino acids
(lysine and methionine) were balanced between the diets, the increased crude protein
accounted for the increase of other non-limiting essential amino acids.
The growth rate was not negatively affected by the replacement of proso millet
for corn except for the finisher period (P3 & P4) where ADFI was greater in pigs fed
proso millet diets than that of those fed a corn diet. Henry (1985) concluded that energy
concentration was the primary factor in the adjustment of voluntary feed intake in the
growing-finishing pig. Basically, pigs fed diets with lowered energy concentrations will
try to eat more feed to maintain constant daily energy intake, until feed intake is limited
by other factors (e.g., physical gut capacity or certain dietary components; Owen, &
Ridgman, 1968; Beaulieu et al., 2009). Our ME intakes (Table 3) seemed to agree with
Henry’s claim, as no differences in total ME consumption were observed among the four
levels of proso millet treatment.
The crude protein level is an intriguing topic that has received much attention;
however, high-protein diet research is still debatable because of the inconsistent results
among the papers on the growth performance of pigs. For example, Edmonds and Baker
(1986) reported the excess of some amino acids might cause a decrease in BW gain and
feed intake, but other studies (Lewis et al., 1980, 1986; Henry et al., 1992) focused on
high-protein diets demonstrating that the small excesses of individual amino acids might
not negatively affect growth performance of growing-finishing pigs. As in agreement
with the aforementioned findings, pigs consuming four inclusion rates of proso millet
with different levels of crude protein displayed similar growth performance.
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Last, lower dietary fiber might improve growth performance in the finisher period
due to lowered overall ADFI and improved G:F (Asmus et al., 2014). Although the result
of Asmus was not supported by this experiment, an argument can be made in justification
as the differences in NDF among treatments were not great (approximately 2.5%) enough
to affect the growth rate of growing-finishing pigs.
It is important to note that all experimental pigs exhibited an improved growth
performance compared to standard performance estimated by the National Research
Council (NRC, 2012). This might be explained by the pigs used in this experiment were
housed and fed individually, which modified their feeding behavior by eating more
frequently, consuming less food at a time and at a slower rate compared to group housed
pigs (da Haer & Merks, 1992). In addition, individually-housed pigs have higher
digestibility coefficients related to smaller, more frequent meals, leading to having
significantly higher growth rates, and more back fat than pigs housed as groups (Gonyou
et al., 1992; de Haer & de Vries, 1993). Besides, individually-fed pigs might benefit from
having less elevated stress levels resulting from changes in the concentrations of
hormones, such as cortisol and adrenaline associated with aggression (e.g., competition at
the feeder) and social stress (Hisa & Wood-Gush, 1983; Tan et al., 1991). As a result,
they would have higher growth rates. Furthermore, by individually feeding the pigs, more
accurate records of growth performance were obtained.
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CONCLUSION
The results of this study indicate that replacing up to 100% corn with proso millet
in growing-finishing pig diets will not negatively affect growth performance, suggesting
that proso millet can effectively replace corn in diets for growing and finishing pigs. With
a need to construct robust data on the feeding value of proso millet in swine diets,
balancing diets on an isocaloric and isonitrogenous basis may be considered for further
experiments focused on the availability and utilization of amino acids for growth in proso
millet-soybean meal diets.
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Table 1. Composition of diets (as-fed basis) for growing-finishing pigs during the 4 growth
phases (P1, P2, P3, and P4)
Period:
Proso Millet, %:

Item

P1, from 25 to 50 kg
33
67

0

100

0

P2, from 50 to 75 kg
33
67

100

Ingredients, %
Corn
Proso Millet
Soybean Meal, 47% CP
Tallow
Dicalcium Phosphate
Limestone
Salt
Vitamin Premix

a

Trace Mineral Premix

b

DL-Methionine
L-Lysine HCL
L-Threonine
L-Tryptophan
Phytase
Nutrients (analyzed)
CP, %
Lysine, SID %
Ca, %
P, total %
NDF, %
Nutrients (calculated)
ME, kcal/kg
EE, %
CF, %
Arginine, SID %
Histidine, SID %
Isoleucine, SID %
Leucine, SID %
Methionine, SID %
Methionine + cysteine, SID %
Phenylalanine, SID %
Phenylalanine + tyrosine, SID %
Threonine, SID %
Tryptophan, SID %
Valine, SID %
a

66

44

22

-

69

46

23

-

-

22

44

66

-

23

46

69

28.316

28.366

28.386

25.661

25.671

25.676

28.236

25.611

3

3

3

3

3

3

3

3

0.6

0.55

0.55

0.55

0.4

0.4

0.4

0.4

1.2

1.23

1.23

1.23

1.175

1.175

1.175

1.17

0.3

0.3

0.3

0.3

0.3

0.3

0.3

0.3

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.15

0.15

0.15

0.15

0.15

0.15

0.15

0.15

0.06

0.04

0.02

-

0.03

0.01

-

-

0.16

0.16

0.16

0.16

0.08

0.08

0.08

0.08

0.06

0.03

-

-

0.02

-

-

-

0.01

-

-

-

0.01

-

-

-

0.024

0.024

0.024

0.024

0.024

0.024

0.024

0.024

18.0

17.9

18.4

19.1

16.7

16.4

17.7

18.7

1.20

1.04

1.00

1.04

0.96

0.87

0.90

0.84

1.02

0.90

0.63

0.79

0.74

1.04

0.95

0.70

0.50

0.44

0.33

0.30

0.34

0.42

0.38

0.33

5.93

6.52

7.30

8.13

6.22

8.18

7.22

8.37

3,419
4.80
41.8

3,318
4.50
38.8

3,218
4.22
35.8

3,117
3.95
32.8

3,428
4.83
43.6

3,322
4.55
40.5

3,217
4.26
37.4

3,112
3.97
34.2

1.04

1.06

1.08

1.10

0.97

0.99

1.01

1.03

0.42

0.44

0.45

0.47

0.40

0.41

0.43

0.44

0.73

0.78

0.84

0.89

0.68

0.74

0.79

0.85

1.41

1.56

1.71

1.85

1.35

1.50

1.66

1.81

0.30

0.30

0.30

0.30

0.26

0.26

0.27

0.29

0.56

0.56

0.56

0.57

0.51

0.51

0.52

0.54

0.80

0.88

0.96

1.04

0.76

0.84

0.92

1.00

1.31

1.43

1.54

1.66

1.23

1.35

1.47

1.59

0.61

0.61

0.61

0.63

0.54

0.55

0.57

0.60

0.19

0.20

0.23

0.26

0.17

0.19

0.22

0.25

0.77

0.83

0.89

0.95

0.72

0.79

0.85

0.92

Provided the following quantities of vitamins per kilogram of complete diet: vitamin
A, 5,500 IU; vitamin D, 550 IU; vitamin E, 30 IU; vitamin K, 1.8 mg; niacin, 13.2 mg; Dpantothenic acid, 8.8 mg; riboflavin, 4.4 mg; vitamin B12, 33 mg
b
Provided the following quantities of minerals per kilogram of complete diet: Cu, 10
mg as copper sulfate; I, 0.25 mg as potassium iodate; Fe, 125 mg as iron sulfate; Mn, 15
mg as manganese sulfate; Se, 0.3 mg as sodium selenite; Zn, 125 mg as zinc oxide
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Table 1. Composition of diets (as-fed basis) for growing-finishing pigs during the 4 growth
phases (P1, P2, P3, and P4; cont.)
Item

Period:
Proso Millet, %:

P3, from 75 to 100 kg
33
67

0

100

0

P4, from 100 to 135 kg
33
67

100

Ingredients, %
Corn
Proso Millet
Soybean Meal, 47% CP
Tallow
Dicalcium Phosphate
Limestone
Salt
Vitamin Premixa
Trace Mineral Premix

b

DL-Methionine
L-Lysine HCL
L-Threonine
L-Tryptophan
Phytase
Nutrients (analyzed)
CP, %
Lysine, SID %
Ca, %
P, total %
NDF, %
Nutrients (calculated)
ME, kcal/kg
EE, %
CF, %
Arginine, SID %

72

48

24

-

78

52

26

-

-

24

48

72

-

26

52

78

23.066

23.066

23.066

17.186

17.186

17.176

23.056

17.166

3

3

3

3

3

3

3

3

0.25

0.25

0.25

0.25

0.1

0.1

0.1

0.1

1.1

1.1

1.1

1.1

1.1

1.1

1.1

1.1

0.3

0.3

0.3

0.3

0.3

0.3

0.3

0.3

0.15

0.15

0.15

0.15

0.15

0.15

0.15

0.15

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.01

-

-

-

-

-

-

-

0.01

0.01

0.01

0.01

0.04

0.04

0.04

0.05

-

-

-

-

0.01

-

-

-

-

-

-

-

0.01

-

-

-

0.024

0.024

0.024

0.024

0.024

0.024

0.024

0.024

15.7

16.2

17.4

17.7

13.5

14.6

15.3

16.2

0.85

0.85

0.77

0.84

0.78

0.66

0.75

0.80

0.88

0.95

1.06

1.17

0.91

1.06

1.32

0.99

0.38

0.41

0.46

0.43

0.36

0.48

0.52

0.50

6.44

8.75

7.75

9.03

6.55

7.11

8.74

9.75

3,440
4.89
45.5

3,330
4.59
42.2

3,221
4.29
38.9

3,111
3.99
35.6

3,451
5.01
49.1

3,332
4.69
45.6

3,214
4.36
42.0

3,095
4.04
38.4

0.90

0.92

0.94

0.96

0.74

0.76

0.78

0.81

Histidine, SID %

0.37

0.39

0.41

0.42

0.32

0.34

0.36

0.38

Isoleucine, SID %

0.64

0.70

0.75

0.81

0.53

0.60

0.66

0.72

Leucine, SID %

1.29

1.45

1.62

1.78

1.16

1.33

1.51

1.68

Methionine, SID %

0.23

0.24

0.26

0.28

0.20

0.22

0.24

0.26

Methionine + cysteine, SID %

0.46

0.48

0.50

0.53

0.40

0.43

0.45

0.48

Phenylalanine, SID %

0.72

0.80

0.88

0.97

0.61

0.70

0.79

0.88

Phenylalanine + tyrosine, SID %

1.15

1.28

1.40

1.53

0.97

1.11

1.24

1.38

Threonine, SID %

0.49

0.52

0.54

0.57

0.42

0.44

0.47

0.50

Tryptophan, SID %

0.15

0.18

0.21

0.24

0.13

0.15

0.19

0.22

Valine, SID %

0.68

0.75

0.81

0.88

0.58

0.65

0.72

0.80

a

Provided the following quantities of vitamins per kilogram of complete diet: vitamin
A, 5,500 IU; vitamin D, 550 IU; vitamin E, 30 IU; vitamin K, 1.8 mg; niacin, 13.2 mg; Dpantothenic acid, 8.8 mg; riboflavin, 4.4 mg; vitamin B12, 33 mg
b
Provided the following quantities of minerals per kilogram of complete diet: Cu, 10
mg as copper sulfate; I, 0.25 mg as potassium iodate; Fe, 125 mg as iron sulfate; Mn, 15
mg as manganese sulfate; Se, 0.3 mg as sodium selenite; Zn, 125 mg as zinc oxide
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Table 2. Animal performance during the growing-finishing phase (P1, P2, P3, and P4)1
Item
BW, kg
Initial
P1
P2
P3
Final
ADFI, kg
P1
P2
P3
P4
P1 to P4
ADG, kg
P1
P2
P3
P4
P1 to P4
G:F, kg/kg
P1
P2
P3
P4
P1 to P4
a-c

0
22.3
53.6
90.1
115.9
132.2

Proso Millet, %
33
67
22.7
54.6
89.7
116.0
132.4

22.5
53.5
89.4
114.3
131.3

100
22.2
54.4
90.5
118.0
134.7

SEM2

𝑃𝑃 - value
Treatment Linear Quadratic

0.76
2.19
2.65
2.31
3.70

0.97
0.95
0.98
0.74
0.82

0.63
0.86
0.45
0.48

0.97
0.69
0.44
0.54

1.96
2.87
3.29a
3.47
2.78

1.97
2.93
3.57ab
3.75
2.91

1.91
2.90
3.32ab
3.80
2.83

2.02
2.97
3.66b
3.71
2.95

0.10
0.12
0.12
0.12
0.10

0.79
0.86
0.01
0.32
0.30

0.72
0.47
0.03
0.20
0.15

0.51
0.96
0.73
0.17
0.94

1.12
1.30
1.23
1.17
1.21

1.14
1.26
1.25
1.17
1.21

1.11
1.28
1.19
1.21
1.19

1.15
1.29
1.31
1.19
1.24

0.05
0.05
0.06
0.10
0.04

0.85
0.77
0.33
0.97
0.71

0.69
0.90
0.39
0.71
0.52

0.80
0.38
0.29
0.86
0.42

0.57
0.45
0.37
0.33
0.44

0.58
0.43
0.35
0.31
0.42

0.58
0.44
0.36
0.32
0.42

0.57
0.44
0.36
0.32
0.42

0.02
0.02
0.01
0.02
0.01

0.93
0.52
0.40
0.68
0.22

0.89
0.53
0.30
0.64
0.18

0.55
0.37
0.24
0.30
0.24

Within a row, means without a common superscript differ (𝑃𝑃 < 0.05)
Growing phase was determined based on pig weight such as: P1, from 25 to 50 kg;
P2, from 50 to 75 kg; P3, from 75 to 100 kg; P4, from 100 to 135 kg
2
Standard error of the mean
1
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Table 3. Total ME Daily Intake during the growing-finishing phase (P1, P2, P3, and
P4)1
Item
Total ME intake, kcal
P1
P2
P3
P4
P1 to P4
1

0
6,705
9,838
11,310
11,963
9,541

Proso Millet, %
33
67
6,537
9,726
11,877
12,495
9,667

6,157
9,340
10,701
12,217
9,117

100
6,293
9,239
11,390
11,482
9,174

SEM2
332
385
407
622
220

𝑃𝑃 - value
Treatment
0.37
0.35
0.06
0.43
0.23

Growing phase was determined based on pig weight such as: P1, from 25 to 50
kg; P2, from 50 to 75 kg; P3, from 75 to 100 kg; P4, from 100 to 135 kg
2
Standard error of the mean

72

CHAPTER 3: EFFECTS OF FEED INGREDIENTS AND MEDIUM-CHAIN
FATTY ACIDS ON PORCINE REPRODUCTIVE AND RESPIRATORY
SYNDROME VIRUS (PRRSV) SURVIVABILITY
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ABSTRACT
The objectives of this study were to: 1) evaluate the ability of three common feed
ingredients to harbor the infectious virus; and 2) assess the efficacy of medium-chain
fatty acids MCFAs and other MCFA-containing fat sources as a mitigation strategy
against PRRSV in feed. In regard to objective 1, three common feed grains, including
ground corn, soybean meal (SBM), dried distillers grains with solubles (DDGS), and a
complete swine growing-finishing diet (FEED), were inoculated with PRRSV, followed
by virus infectivity assay (TCID50; VI) and real-time quantitative reverse transcriptasepolymerase chain reaction (qRT-PCR). The PRRSV infectious titer was significantly
decreased (𝑃𝑃 < 0.001) in virus-inoculated ground corn, DDGS, and FEED samples. No
difference in the infectious titer was observed in the SBM sample compared to the
control. Regarding objective 2, mitigation of PRRSV was assessed using selected MCFA,
namely caproic (C6), caprylic (C8), capric (C10), lauric acid (C12), and two MCFA-rich
vegetable oils (i.e., coconut oil (CO) and palm kernel oil (PKO)) as determined by VI
assay and qRT-PCR. The antiviral activities of potential MCFA blend (1:1:1 ratio C6,
C8, C10; and 1:1 ratio C8, C10) and inclusion rate were also identified. The VI assay
showed that all tested MCFA and MCFA blends inhibit PRRSV. Dose-dependent feed
experiments further showed that the MCFA blend could achieve 3 log viral reduction at a
0.5% inclusion level. However, no PRRSV-inhibiting effect of CO and PKO was
observed at any level tested. In summary, the ability of different feed matrices to harbor
PRRSV is established in this study, in which SBM appeared to support virus survivability
while corn-based feedstuffs contrarily displayed a detrimental effect on virus
survivability in a dose-dependent fashion, suggesting that viral survivability is ingredient-
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dependent, and certain feed ingredients (e.g., SBM) may represent important risk factors
for the transmission of viral pathogens of swine. MCFA treatment rendered PRRSV
inactive, suggesting this mitigant might be useful as part of a risk management strategy
for reducing viral load in feed ingredients.
Keywords: feed ingredient, inactivation, medium-chain fatty acids, porcine reproductive
and respiratory syndrome virus, swine, vegetable oil
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INTRODUCTION
During the past few decades, the United States (U.S) swine industry has
experienced several pandemic-level disease outbreaks with highly pathogenic viral
pathogens, including porcine reproductive and respiratory syndrome virus (PRRSV) and
porcine epidemic diarrhea virus (PEDV) (Neumann et al., 2005; Chen et al., 2014). The
farms suffering from these disease events have experienced not only severe clinical
consequences with high morbidity and mortality (in some cases reaching 100%) but also
enormous economic loss, especially for PRRS, which was estimated to make the U.S pig
herd lose $500 million annually (Neumann et al., 2005; Holtkamp et al., 2013). Despite
the countless work investigating PRRSV, controlling this enveloped RNA virus still
remains one of the U.S pork sector's most complex challenges in conjunction with the
fundamental questions concerning the epidemiology and origin of the causative agent.
Since the 2013 – 2014 PED outbreak (Song et al., 2015), several post-hoc outbreak
investigations have suggested contaminated feed and feed ingredients to be a negligible
risk in the transmission of viral pathogens (Le et al., 2012; Dee et al., 2014; Pasick et al.,
2014; Brookes et al., 2015; Aubry et al., 2017). Moreover, recent outbreaks of African
swine fever (ASF) in Asia and Europe (OIE, 2022) have put the spotlight on
contaminated imported commodities, particularly plant-based ingredients of commercial
swine feed, which could play a crucial role in introducing and transmitting highly
contagious pathogens to U.S swine industry (Fasina et al., 2012; Guinat et al., 2016).
Also, modern pig production, from smallholders to intensive industry, is more or less
under the influence of globalization and international trade (e.g., increased use of
imported feed ingredients), contributing to the need to re-evaluate the existing biosecurity
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based on the hypothesis that contaminated feed ingredients may act as vehicles or fomites
for viral swine pathogens. Therefore, mitigation strategies may also need to be followed
up to take part in controlling outbreaks and preventing future events.
Among many feed additives that examined the efficacy of curbing viral
transmission in swine feed, medium-chain fatty acids (MCFAs), a group of fatty acids
with 6 to 12 carbon atoms, have emerged as a promising mitigant due to their antiviral
properties. MCFAs could penetrate the viral membrane via a hydrophobic effect causing
disintegration of the lipid bilayer and thereby inactivating the viruses by dissolving their
envelopes (Kohn et al., 1980a, 1980b; Thormar et al., 1987). As MCFAs’ target is the
additional lipid covering of viruses, these fatty acids are theoretically effective against
porcine viruses having lipid envelopes, such as PEDV, PRRSV, and ASFV, which have
been shown to be present in the feed with a viable form for extended periods (Gordon et
al. 2019; Jones et al., 2020). Most MCFA-investigating studies focused on PEDV, with
positive results showing the effectiveness of MFCAs and their compounds in curbing
PEDV contamination of common feed materials (Dee et al., 2016; Cochrane et al., 2020;
Gebhardt et al., 2020). However, limited research working on another devastating virus
(PRRSV) makes the potency of MFCAs inhibiting PRRSV in feed still questionable,
requiring further scientific work to come up with conclusive evidence.
Coconut oil (CO) and palm kernel oil (PKO) are the best-known natural sources
of medium-chain saturated fatty acids, including caprylic (C8), capric (C10), and lauric
acid (C12), accounting for more than 50% of the fatty acids in these two oils (Cochrane
et al., 2020). The coconut and palm kernel oils are commonly used to substitute other
vegetable oils in swine diets (Braundmeier-Fleming et al., 2020; Breuer & Kerr, 2020)
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and play a part in anti-infective strategies such as replacing in-feed antibiotics and
addressing infectious disease challenges in farm settings because of the potential role of
MCFAs in mitigating the viral transmission.
The objective of following study was to investigate the survivability of PRRSV in
three commonly used feed ingredients, namely ground corn, soybean meal (SBM), dried
distillers grains with solubles (DDGS), and a complete swine growing-finishing diet
(FEED). Antiviral experiments in feed conditions were followed up to evaluate the
antiviral activities of selected MCFA, including caproic (C6), caprylic (C8), capric (C10),
lauric acids (C12), and suitable compounds, and inclusion rates. Dose-dependent feed
experiments were also conducted to measure how feed matrix and feed additives (i.e.,
blended MCFA, CO, and PKO) affected PRRSV viability in feed.

78

MATERIALS AND METHODS
PRRSV stock virus propagation
The virulent North American PRRSV strain FL12 was recovered from an
infectious cDNA clone derived from the NVSL 97-7895 strain, which was isolated in
1997 in southeastern Iowa (Truong et al., 2004). The virus was propagated in MARC-145
(monkey kidney) cells, which were cultured and maintained in low-glucose Dulbecco
modified Eagle medium (DMEM; Sigma-Aldrich, St. Louis, MO) supplemented with
10% fetal bovine serum (FBS; Sigma-Aldrich, St. Louis, MO), 100 units/mL of
penicillin, and 100 μg/mL of streptomycin (Sigma-Aldrich, St. Louis, MO) at 37°C with

5% CO2 (Kim et al., 1993). The three-day-old confluent monolayer of MARC-14 cells in
T75 flasks (75 cm2, Thermo Fisher) was washed three times with phosphate-buffered
saline (PBS, pH 7.2) prior to virus inoculation. Monolayers were infected at
approximately 0.1 MOI of PRRSV in DMEM containing 2.5% FBS, incubated at 37°C
for 1 h for virus adsorption using an appropriate maintenance medium. Inoculated cells
were incubated at 37°C under 5% CO2 until virus-induced cytopathic effects (CPE) were
apparent (which took about 3 to 5 days post-infection to reach approximately 80 to 90%
CPE). The inoculated cells were clarified by centrifuging at 2,000 x g for 15 min at 4°C.
The supernatant was collected and titrated in MARC-145 cells, which is described in the
virus infectivity assay’s section.
To obtain high titers (approximately 107 TCID50/mL), the virus stock was layered
over 20% sucrose (w/v) solution followed by ultracentrifugation at 133,549 x g for 4 h at
4°C. The supernatant was carefully removed, and the virus pellet was re-suspended with
DMEM containing 2.5% FBS, followed by storage at -80°C until used.
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Feed, feed ingredients and feed additives
The complete feed (FEED) evaluated in the experiment was adapted from a phase
I grower diet containing corn (68%), SBM (22%), and DDGS (10%). Feed matrices,
including ground corn, soybean meal (SBM) and dried distillers grains with solubles
(DDGS), were obtained from the feed mill at the Eastern Nebraska Research, Extension
and Education Center of the University of Nebraska (Ithaca, NE). Feed additive
candidates were caprylic (C6), capric (C8), lauric acids (C12), MCFA blend 1 (1:1:1 ratio
of C6, C8, and C10), MCFA blend 2 (1:1 ratio of C8, C10), coconut oil (CO), which was
purchased from Sigma Aldrich (St Louis, MO, USA), and palm kernel oil (PKO), which
was kindly provided by Dr. B. J. Kerr (USDA).
All feed and feed ingredients were screened to ensure PRRSV-negative status as
determined via immunocytochemistry assay and real-time qRT-PCR before initiation of
the experiment.
Feed preparation and chemical application
Three 20-g samples of each feed matrix were collected to create composite
subsamples and placed in their appropriate bottle (250 mL Nalgene, square wide-mouth
high-density polyethene; Thermo Fisher Scientific, Waltham, MA). For the feed
treatment batches, a paddle mixer was used as previously described (Schumacher et al.,
2016) for mixing feed additives with a selected post-experimental feed ingredient,
ensuring each feed treatment was made in triplicate batches in a clean mixer. Mixing time
was at least 15 min to achieve a CV of <10%, as previously described by McCoy (2005).
A 20 g of treated feed matrix was sampled to create a composite subsample and placed in
the appropriate bottle.
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In general, experimental treatments from the assigned bottle generated postmixing included in objective 1 were: 1) control (virus only), 2) 1% corn, 3) 1% SBM, 4)
1% DDGS, 5) 1% FEED, and 6) to 10) 2.5% to 30% corn.
Experimental treatments from the assigned bottle generated post-mixing included
in objective 2 were: 1) virus-only control, 2) feed control I (SBM), 3) feed control II
(FEED), 4) 1% C6, 5) 1% C8, 6) 1% C10, 7) 1% C12, 8) to 10) 0.1% to 1% MCFA blend
1, 11) to 13) 0.1% to 1% MCFA blend 2, 14) to 16) 1% to 10% CO, 17) to 19) 1% to
20% PKO, and 20) to 22) 0.2% to 5% C12.
Three grams of pre-inoculation sample from the above-mentioned bottle were
inoculated with 100 μL of PRRSV (passage 4, approximately 106.0 – 7.0 TCID50/mL) and

vortexed thoroughly for 1 min at maximum speed. This quantity of PRRSV was selected
in an effort to provide a final concentration of approximately 105.0 TCID50/sample. The
inoculated samples were incubated at room temperature (approximately 23˚C) for 1 h
before performing virus isolation and titration.
Virus infectivity assay
To determine the concentration of viable virus, samples were diluted in 10 mL of

DMEM. Diluted samples were centrifuged at 10,000 x g for 10 min at 4°C to collect
supernatants which were subsequently clarified by a 0.45-μm filter to remove feed

particles. Serial 10-fold dilutions of the supernatant were performed in a maintenance
medium, conducted with three replications per filtered supernatant. These purified
dilutions were inoculated into washed confluent monolayers of MARC-145 cells grown
in 96-well plates (Thermo Fisher Scientific, Inc, MA) at 100 μL/well using 6 wells per
dilution. After incubation for 1 h at 37°C, the plates were extensively washed with PBS.
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DMEM supplemented with 2.5% FBS was added to the inoculated plates before the
plates were incubated at 37 °C under 5% CO2 to allow cell infection to proceed until
complete CPE was developed in virus-only control wells (usually 4 to 5 d post-infection).
The virus titer was calculated as 50% tissue culture infective dose (TCID50/mL)
according to the method of Spearman and Kärber (Lei et al., 2021).
Extraction of RNA
RNA was extracted from samples using QIAamp Viral RNA Mini Kit (Qiagen,
Hilden, Germany), following the manufacturer’s protocol (Qiagen, 2020). In short, a 140μL volume of sample was incubated with buffer AVL for 10 min at room temperature for
cell lysis, mixed with ethanol, transferred to a spin column, centrifuged and washed with
buffers AW1 and AW2. RNA was eluted from the columns with the AVE buffer and
stored at −80°C in small aliquots until assayed by real-time qRT-PCR.
Real-time qRT-PCR
A commercially available real-time, single-tube Real-time RT-PCR assay for
detection of PRRSV RNA was performed using EZ-PRRSV™ MPX 4.0 assay
(Tetracore, Inc, Rockville, MD), following the manufacturer’s protocol (Tetracore,
2013). Briefly, the total volume of the reaction mix was 25 μL, with 7 μL of the extracted
RNA added to 18 μL of the master mix. The one-step real-time RT-PCR amplification
condition followed the settings: one cycle at 48°C for 15 min, one cycle at 95°C for 2
min, 40 cycles of: 95°C for 5s, and 60 °C for 40s. For each run, positive and negative
controls were included. All amplification was completed on the QuantStudio 3
instrumentation (Thermo Fisher Scientific, Inc, MA). Analyzed values represent the cycle
threshold (Ct) where the virus was detected, and samples were considered positive if the
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Ct level was obtained at < 36 cycles. Lower values indicate a greater magnitude of viral
RNA presents in the samples, but not necessarily infectiousness.
Cell viability assay
The CellTiter-Glo® 2.0 ATP-luminescence assay (Promega, Madison, WI, USA)
was used to test cell viability following treatment with the samples to determine the
potential effects of the treatments on cellular metabolism or viability. Essentially, the
cells were incubated with different feed ingredients or MCFA blends for 72 h, after
which the ATP assay was used for luminometric measurement of cell growth (viability),
according to the manufacturer’s standard protocol (Promega, 2018). Briefly, ATP was
extracted from the cells by adding the CellTiter Glo reagent (1:1 v/v) to each well. After
mixing thoroughly, all medium from each well was transferred to the white opaque plate
and allowed to stand on the bench for 10 min at room temperature before ATP was
quantified by luminescence in BioTek Synergy LX microplate reader (BioTek, Inc, VT,
USA).
Statistical analysis
A statistical analysis using the PROC GLIMMIX and PROC GLM procedures of
SAS (SAS Institute Corp., Cary, NC) was performed to determine the main effects of
feed matrix and feed additive with individual sample vials as the experimental unit.
Least-squares means with a Tukey adjustment were used to determine differences among
treatment means which were considered significant at 𝑃𝑃 ≤ 0.05. The linear and quadratic
effects of increasing ground corn and MCFA blend were also evaluated.
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RESULTS

Relationship between feed ingredients and virus survivability
The survivability of PRRSV in different feed matrices was evaluated using virus
infectivity (VI) assay (Figure 1). Virus titer in SBM was similar to the titer in stock virus
control, while little or no infectious virus titers were detected for corn, DDGS, and
FEED. Results of real-time qRT-PCR of the PRRSV-inoculated samples confirmed the
detectible viral genome presented in all ingredients and control (Table 1). Notably, corn
and FEED had significantly less (𝑃𝑃 < 0.01) viral genome (23.3 and 19.9 Ct, respectively);
whereas, SBM had the highest quantifiable viral RNA (14.8 Ct) compared to the virus
control (17.3 Ct; 𝑃𝑃 < 0.001). The results indicate that PRRSV loses its survivability when

inoculated to corn, DDGS, and FEED.

To determine whether unknown factors could affect cellular metabolic activity, a
cell viability assay was conducted on samples of corn, SBM, DDGS, and FEED (Figure
2). In general, none of the feed or feed ingredients showed detrimental effects on cell
viability, as cells treated with these ingredients remained as actively viable and healthy as
those treated with the control sample.
Because PRRSV lost its survivability when inoculated to corn but not to SBM, an
additional experiment was implemented to examine the effect of treating SBM with
different inclusion rates of corn on the virus survivability (Figure 3). Increasing the
portion of corn in the sample resulted in decreasing viral titer detected by VI assay
(linear, 𝑃𝑃 < 0.001), with the highest viral reduction (5.15 log) detected in the sample

containing 30% of corn. Interestingly, the genetic material in the samples with different

inclusion rates of corn remained constant at approximately 15 Ct (Table 2), even though
the viable virus varied (from 0.00 to 4.54 log TCID50/mL) among the samples.
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Feed additives as potential virus mitigation strategies
After determining which ingredient could (i.e., SBM) or could not (i.e., ground
corn) harbor viable PRRSV, follow-up trials were designed and implemented to test the
effects of MCFA and vegetable oils as feed additives to reduce the infectivity of PRRSVcontaminated ingredients (particularly SBM was used in this case). The selected feed
additives included: (1) individual MCFA, such as C6, C8, C10, and C12, as well as
blended MCFA mixture, blend 1 (1:1:1 ratio of C6, C8, and C10) and blend 2 (1:1 ratio
of C8, C10), at varying concentrations; and (2) MCFA-rich CO and PKO with different
inclusion rates.
Prior to the virus inoculation, the toxicity of the feed additives was tested via a
cell viability assay (Figure 4). MARC-145 cells treated with tested feed additives had the
same viability as control cells, indicating that the tested feed additives were non-toxic to
the cells.
The effects of each individual MCFA and its mixture on virus survivability are
shown in Figure 5. All single-substance MCFAs and their compounds significantly
reduced (𝑃𝑃 < 0.001) the virus survivability in feed samples with the exception of C12
which showed the mean viral titer similar to the virus-only control, 4.09 log TCID50/mL.
The most significant decrease in virus survivability occurred in the C8-treated feed
sample, followed by samples treated with two mixtures of MCFA, in which the mean
viral titer was less than 0.5 log TCID50/mL. Also, the C6 and C10 feed treatment samples
had lower (𝑃𝑃 < 0.001) virus titers versus the control I sample (0.70 and 1.65 vs 4.18 log
TCID50/mL, respectively), which corresponds to a greater than 99% reduction in virus
survivability. The quantitative PCR measurement was conducted and showed that the
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virus-only control, feed control I and all MCFA-treated feed samples had Ct values in the
range of 19 to 20 (Table 3). An exception was observed in feed control II as viral RNA
was statistically higher (𝑃𝑃 < 0.05) than the feed control I (21.4 vs 19.1 Ct).
A dose-response inactivation curve of PRRSV after inoculating the virus into the
MCFA-treated samples is provided in Figure 6. For the MCFA blends, an inclusion rate
as low as 0.5% resulted in at least 99% reduction in virus titers; 1.2 and 0 log TCID50/mL
for blend 1-treated (1:1:1 ratio of C6, C8, and C10) and blend 2-treated (1:1 ratio of C8
and C10) samples, respectively, compared to 4.87 log TCID50/mL for feed control I.
Increasing the percentage inclusion of MCFA blends to 1% reduced the virus titers to
below the detection limit in cell culture by VI assay. According to the qRT-PCR results
summarized in Table 4, PRRSV RNA was detected in all feed samples and the controls.
The samples with high MCFA concentration had less detectable PRRSV RNA than those
with low MCFA concentration, suggesting that MCFA mixture treatment might affect (𝑃𝑃
< 0.01) the quantity of detectable PRRSV RNA.
Upon the completion of MCFA testing, varying levels of C12 and two highMCFA vegetable oils, such as CO and PKO, were selected for the assessment of virus
survivability via a VI assay (Figure 7). No significant reduction in virus titer was
observed at any inclusion level of CO and PKO compared to the control. Only 5% C12
treatment was found to reduce (𝑃𝑃 < 0.001) virus titer by 3.8 log TCID50/mL with a
greater than 99% reduction in virus titers compared to the untreated positive control. Data
from the qRT-PCR test (Table 5) showed that there was no evidence that the feed with
CO and PKO, regardless of inclusion level, had a significant different Ct value compared
with the PRRSV control feed; however, the sole exception was 5% C12 having
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statistically less (𝑃𝑃 < 0.05) quantifiable viral RNA than the control (19.0 vs 17.0,
respectively).

87

DISCUSSION
Relationship between feed ingredients and virus survivability
Porcine reproductive and respiratory syndrome (PRRS) is one of the most
significant infectious diseases with the highest economic impact on swine production
worldwide (Lunney et al., 2010). Notably, it is estimated that the total production losses
to PRRS in the United States (U.S) pig industry range from 560 to $664 million annually
(Neumann et al., 2005; Holtkamp et al., 2013). Despite the sustained effort to control
PRRS, U.S swine herds have still retained PRRS-positive status with several endemiclevel outbreaks across the country. This disease, along with porcine epidemic diarrhea
(PED) and African swine fever (ASF), are prevalently circulating in China (Gou et al.,
2018; Liu et al., 2020; Wu et al., 2022), where thousands of metric tons of feed
ingredients are exported to the U.S per year, leading to a rising concern that contaminated
imported ingredients could play a role in introducing pathogens to U.S swine industry
(Brookes et al., 2015; Guinat et al., 2016; Aubry et al., 2017; Beltran-Alcrudo et al.,
2019).
Besides the risk of transboundary spread of the diseases, local transmission,
including between-farm transportation of contaminated feed, could represent a possible
route for viral swine pathogen transmission (Niederwerder, 2021; Gebhardt et al., 2022).
Nonetheless, these transmission routes of PRRSV have received little attention due to the
poor stability of the virus in the environment. In addition, recent experimental studies
have described that the risk of PRRSV transmission through feed was relatively low
(Ochoa et al., 2018; Blázquez et al., 2020), but these studies either reviewed one feed

88

ingredient such as spray-dried plasma (Blázquez et al., 2020) or failed to characterize
feed ingredient in tested diet (Ochoa et al., 2018).
Several investigators have evaluated the virus survivability on various swinerelated fomites, including non-animal origin feed ingredients (Schoenbaum et al., 1991;
Pirtle & Beran, 1996; Martínez‐Gamba et al., 2001; Dee et al., 2018). These studies
suggested that swine viruses can survive in feed and feed ingredients under certain
experimental conditions, yet survival duration is variable and dependent on virus
properties and feed matrix. Furthermore, a new study (Dee et al., 2020) offered
significant evidence that pigs might become infected when consuming pellet feed
contaminated with 1 × 105 TCID50/mL of PRRSV; thus, cross-contamination of pelleted
feed may take place when contaminated fomites or feed mill personnel have physical
contact with the feed after the pelleting process (Niederwerder, 2021). Additionally,
insufficient time-temperature combinations during the pelleting process could reduce the
likelihood of inactivating PRRSV from contaminated feed ingredients (Cochrane et al.,
2017).
Therefore, the current study centered around the PRRSV that have been tested for
survivability in feed ingredients (Figure 1) and focused on the increasing body of
evidence embracing the idea that feed ingredients should be considered as risk factors in
the spread of PRRS. Fundamentally, PRRSV survivability appeared to depend on feed
ingredients. Soybean meal was shown to consistently support (Figure 1, 3, 5, 6, 7) the
virus survivability during the entire study. In contrast, corn-related materials, such as
ground corn, DDGS, and complete feed, promoted partially or completely virus
degradation under the conditions of this study. These findings are in agreement with
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previous works (Trudeau et al., 2017a, b), supported by the evidence obtained from swine
bioassay experiments using laboratory-sourced challenge virus (Dee et al., 2015, 2016,
2018). Particularly, SBM spiked with PEDV, porcine delta coronavirus (PDCoV), and
transmissible gastroenteritis virus (TGEV) in a laboratory setting could maintain live
virus for an extended period of time compared to other plant-based origin feed
ingredients (Trudeau et al., 2017a, b). The same results were observed in the experiments
designed to simulate real-life transportation conditions. For example, viable PEDV,
confirmed by VI and swine bioassays, was detected in non-treated organic and
conventional SBM at 30 d post-inoculation (Dee et al., 2015, 2016). In a follow-up study
(Dee et al., 2018), SBM remained PRRSV-positive status as determined by bioassay
within the transboundary shipping model, including the China-U.S trans-Pacific journey
and the Europe-U.S trans-Atlantic travel. Similar to SBM, DDGS was also retained
positive for PEDV or PRRSV, but to a much lesser degree in terms of quantity of
infectious virus (Dee et al., 2015, 2018). These DDGS experiments were tested by either
VI assay in cell culture or bioassay in virus-challenged pigs under laboratory-simulated
conditions. The evidence of ground corn hindering PRRSV survivability observed in this
study was in agreement with previous investigations (Schoenbaum et al., 1991; Pirtle &
Beran, 1996; Dee et al., 2015; Trudeau et al., 2017a). These investigators spiked corn
samples with stock virus and found, in general, that viral activity did not persist for long
periods of time in corn matrix under the experimental conditions used. Schoenbaum et al.
(1991) showed that the most extended duration to detect viable pseudorabies virus (PRV)
in whole corn was less than 7 d, while Pirtle and Beran (1996) failed to detect PRRSV
activity on day 0 in the virus-spiked corn sample. Interestingly, Trudeau et al. (2017a)
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emphasized that amongst a dozen of feed ingredient matrices which examined the
inactivation kinetics of PEDV, PDCoV, and TGEV, corn had the lowest virus titer at day
0, estimated via VI assay. Dee et al. (2015) further confirmed that PEDV-inoculated
samples of corn were VI negative on all 4 sampling days (1, 7, 14, and 30 d), followed by
swine bioassay, which was also negative at all time points. Collectively, the
aforementioned studies suggest that SBM supports virus survivability, while corn and
corn-related material possess the opposite effect of hindering virus viability.
The nucleic acid detected in the feed samples by PCR did not represent infectious
viruses; thus, relying entirely on PCR methods for detecting the virus in feed might not
be helpful when evaluating the quantity of viable virus contained in the feed. As shown in
Tables 1 and 2, detectable viral RNA was in all feed ingredients even though the
infectivity of the tested ingredients varied vastly from 0 to 4.54 TCID50/mL. The same
findings were observed in an epidemiological investigation by Bowman et al. (2015). The
authors reported that PEDV RNA was detected in the interior of the unopened bags of
feed and individual ingredients sampled at the source facility; however, the subsequent
bioassay showed that none of the pigs developed clinical signs of disease and diagnostic
tests were negative for PEDV. Pillatzki et al. (2015) also failed to demonstrate infectivity
of PEDV PCR-positive samples of complete feed by a swine bioassay. Despite the
observation that the Ct value of PCR provides some value for understanding whether
feedstuffs have been contaminated, the combination of PCR and VI assay (or bioassay) is
encouraged to gauge the viral infectivity of feed materials accurately.
Several authors acknowledged that characteristics of the ingredient, such as the
physical matrix or the chemical (bromatological) composition contributed to virus
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survival (and infectivity). In particular, the temperature is the first and foremost factor
that impacts virus survival time, as virus survival times would be longer at lower
temperatures and shorter at higher temperatures (Schoenbaum et al., 1991), followed by
the pH of feed ingredients which could have contributed to virus inactivation (Pirtle &
Beran, 1996). Additionally, it is proposed that factors such as moisture, fat content (i.e.,
ether extract), and unknown substances were essential determinants of virus survival and
infectivity (Trudeau et al., 2017a, b). However, the specific characteristic(s) of the
ingredient that contributes to viral inactivation have remained unidentified.
As shown in Figure 3, with the inclusion rate as low as 30%, the amount of viable
PRRSV dropped below the limit of detection, suggesting the pigs consuming a PRRSVcontaminated high-corn diet might have a low risk of being infected. In contrast, lowcorn or corn-free diets using other cereal grains as a primary source of energy might pose
some degree of threat to vulnerable pig herds if these swine diets were contaminated with
PRRSV due to the virus survival (and infectivity) of corn substitutes (e.g., barley, wheat,
oats, and rye) have not yet been investigated. For this reason, there is a need to provide
management strategies to reduce the risk of potentially viral-contaminated feed.
Feed additives as potential virus mitigation strategies
Several common strategies have been evaluated to mitigate the spread of the
swine virus in whole feed-manufacturing systems. Point-in-time processes, including
pelleting (Cochrane et al., 2017) and irradiation (Trudeau et al., 2016), may decrease
detectable genetic material, but have a major disadvantage of not providing long-lasting
protection against potential recontamination. Equipment sanitation has its practical use in
diminishing survivability, but only becomes practical when implemented in low-volume
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feed mills (Muckey, 2016). Hence, the last promising strategy is feed additives,
potentially providing long-term protection from contaminated feed.
One candidate showing significant potential to reduce the quantity of detectible
PRRSV genetic material is formaldehyde-based products (Ochoa et al., 2018); however,
concerns arose when the use of formaldehyde in feed became illegal within the European
Union (European Commission, 2018) as well as considering the implementation of such
procedures including the requirement for specialized equipment within feedmanufacturing facilities, leading to formaldehyde-based products is not a solution for all
situations.
Other feed supplements that have received considerable attention are MCFAs and
their compounds, possessing anti-microorganism characteristics against a number of
pathogens, including bacteria and viruses (Hilmarsson et al., 2007; Hanczakowska et al.,
2013 & 2016). Although the precise mechanism of how MCFAs inactivate viruses
remains unknown, there seems to be a consensus that the fatty acids cause the
disintegration of the bilayer lipid envelope (Thormar et al., 1987; Kohn et al., 1980b). It
is hypothesized that MCFA could penetrate the viral envelope via a hydrophobic effect,
facilitating it permeable to small molecules and thereby preventing virus attachment to
host cells and, ultimately, inhibiting viral replication (Cochrane et al., 2018). Thus, many
studies have shown that while medium-carbon fatty acids are unable to reduce the
survivability of naked viruses, these fatty acids have shown efficacy against enveloped
viruses, including vesicular stomatitis virus, herpes simplex virus, visna virus, respiratory
syncytial virus, parainfluenza type 2, and avian influenza virus (Kohn et al., 1980a;
Hilmarsson et al., 2007; Thormar, 2010; Hariastuti, 2011).
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Because feed has been characterized to be a potential fomite of swine virus
transmission, MCFAs can be considered as viral mitigants against the enveloped viruses
such as PEDV, PRRSV and ASFV. However, there is a limited number of studies
investigating this area, most of which focused on PEDV relative to the emergence of
PEDV that may cause subsequent outbreaks (Dee et al., 2016; Cochrane et al., 2016,
2020). Therefore, the study herein took the first step to evaluate the antiviral properties of
MCFAs in regard to PRRSV. In general, the inclusion of an MCFA or its combination in
contaminated feed ingredients reduced PRRSV survivability, with C8 (caprylic acid)
showing the greatest antiviral potency (Figure 5). The evidence of dose-dependent
efficacy for MCFA blends was established, indicating that an inclusion rate of 0.5% was
necessary to reduce viral titers below the level of detection of MCFA mixtures. Also, the
MCFA blend 2 (1:1 of C8 and C10) had a greater reduction of the viable virus than blend
1 (1:1:1 of C6, C8, and C10) at the low inclusion level (0.5%), explained by the higher
proportion of C8 in the blend 2 (Figure 6).
The qRT-PCR data in the present experiment indicated that the MCFA treatments
did not affect viral nucleic acid (Table 3). A similar trend was seen with ASFV DNA in
feed ingredients treated with MCFA (Jackman et al., 2020; Niederwerder et al., 2021),
but the inverse trend was observed on PEDV. It was reported that MCFA products
effectively reduced the detectable PEDV RNA by qRT-PCR (Cochrane et al., 2016; Dee
et al., 2016; Gebhardt et al., 2018; Lerner et al., 2020). A minor difference in Ct value (12 Ct) observed in Table 4 may have been due to slight concentration differences among
viral inocula or differences in extraction efficiency of the viral RNA from the samples.
Collectively, these data support that MCFA abrogates PRRSV survivability in feed
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through a virucidal mechanism that impairs virus particle structure, but does not directly
damage virus genetic material.
The main reason that the study herein came up with a novel alternative MCFA
combination (Blend 2, 1:1 ratio of C8 and C10) is because the majority of fatty acid
content in coconut oil (CO) and palm kernel oil (PKO) are composed of C8, C10, and
C12, in which the proportion of C8 and C10 in CO is greater than that of the fatty acids in
PKO (5.1 and 5.2 vs 2.5 and 2.9, respectively; Cochrane et al., 2020). Hence, based on
the MCFA’s antiviral activity, MCFA-highly contained CO and PKO were evaluated for
their potential role as PRRSV mitigants in feed and feed ingredients (Figure 7 and Table
5). Surprisingly, these natural source of MCFAs provided no benefit to reducing PRRSV
survivability or viral RNA at any level tested. This finding agreed with Cochrane and
colleagues (2020) who also showed that CO and PKO have no effect on PEDV
survivability and detectable viral RNA; however, pigs consuming the CO treatment had
delayed clinical signs of PEDV, only showing key symptoms on the last day of bioassay.
The plausible explanation is that the MCFA in either the CO or PKO is abundantly in
triacylglyceride form [medium-chain triacylglyceride (MCT)] (Zentek et al., 2011). It
was estimated that the composition to be approximately 85% triacylglyceride and <1%
free fatty acids (Pham et al., 1998; Dayrit et al., 2008). The longer MCFA, such as C12
(lauric acid) and C14 (myristic acids), bound in a triacylglyceride, are too lipophilic to
approach the PRRSV cellular membrane. However, shorter MCFA, including C8 and
C10, bound in a triacylglyceride need to be hydrolyzed by gastric and pancreatic lipases
(Zentek et al., 2011) to display its mode of action, delineating why CO was able to detain
clinical signs of PEDV in Cochrane’s experiment.
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This study had both strengths and limitations. In regard to the strength of the
study, while focusing on the three most common ingredients, the study was conducted
with high numbers of replications per ingredient (n = 9 or n = 18). Notably, high-titer
virus stock was generated, allowing the inoculation of equal amounts of each ingredient
with an equivalent quantity of virus to mimic published viral loads associated with field
cases of PRRSV in feed. Finally, multiple metrics were used (PCR, VI and cell viability
assay) to document viral load across a total of 603 samples.
One of the major limitations of this experiment was a low number of feed
ingredients (limited to three common cereal grains). Moreover, these results were derived
from small feed sample volumes (as small as 3 grams), which does not directly equate to
the vast quantities (metric ton) in actual swine production and feed scenarios. The viral
isolation assay, while effectively identifying the infectious virus in feed ingredients and
the potency of feed additives, was limited to evaluating other features of tested mitigants,
such as growth performance and gut health. Finally, the samples were evaluated under a
specific laboratory condition; thus, it is unable to extrapolate from this study’s data across
various environmental conditions.
In conclusion, based on the information from this study and discussed literature, a
make-up scenario to explain how contaminated feed incurs PRRSV infection on a swine
farm in the field can now be proposed, embracing the idea that the spread of PRRS via
contaminated feed is a multi-factorial event, including:
1) Ingredients capable of harbouring infectious PRRSV for an extended
period become contaminated.
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2) Contaminated ingredients contact a supportive matrix (SBM) during the
preparation of complete feed.
3) Delivery of PRRSV-positive feed can introduce the virus to the farm.
Therefore, MCFA should be able to reduce PRRSV survivability in-feed
environments. A 1:1 blend of octanoic (C8) and decanoic acid (C10) is more potent than
a 1:1:1 blend of hexanoic (C6), octanoic (C8), and decanoic acid (C10) to inhibit PRRSV
in feed conditions, preventing infection at a 0.5% application level. Individually, C8
appeared to be delivering a majority of this antiviral activity.
While further investigation is clearly warranted, including varying simulated
environmental conditions, additional swine bioassay, a more significant number of
ingredient types, and alternative intervention methods, the risk of contaminated feed and
feed ingredients as a fomite for PRRSV has now been documented. With this
information, MCFA additives can now be considered one of the cost-effective, readily
implementable, and safe feed additives to mitigate the risk of disease transmission via
feed, contributing to the PRRSV-controlled program. Additionally, putting extra efforts
into improving the biosecurity of feed-manufacturing facilities and transport vehicles
may help control the risk leading to a lowered incidence of feed-related PRRSV cases
across the national herd. Moreover, as the ability of MCFA additives to mitigate the risk
of two economic-devastating enveloped viruses (PEDV and PRRSV) was well-discussed
in this project, the question arises as to whether MCFA can be used as a mitigation
strategy against ASFV in swine feed. Finally, this study provides data that determined
feed ingredients can support PRRSV viability (or infectivity), and subsequently, MCFAs
are effective mitigants to reduce the risk of viral transmission through feedstuffs. The
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new information derived from this project should give swine industry, veterinary
profession, and governmental agencies insight to develop a program of feed biosecurity
involving the use of FDA-approved feed supplements.
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CONCLUSION
Overall, the results of this study indicate that the survivability of PRRSV in feed
appears to be influenced by ingredient type. Out of the feed ingredients analyzed,
soybean meal was shown to support virus survivability (and infectivity), suggesting that
soybean meal may be a risk factor for virus transmission if contamination occurs.
Furthermore, MCFAs and the specific mixture of fatty acids may potentially serve as
mitigants for reducing the risk of PRRSV transmission through feed.
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Table 1. Effect of feed matrix on PRRSV detection using real-time qRTPCR
Item1
Feed Ingredients
Negative Control
Virus Only
Corn
SBM2
DDGS3
FEED4
1

Ct value5
38.6
17.3b
23.3c
14.8d
18.7a,b
19.9a

SEM
0.301

𝑷𝑷
<0.001

A total of 108 samples were used for the analysis. For each treatment,
means are represented by n = 18
2
Soybean meal
3
Distillers grains with solubles
4
Complete feed comprised of corn (68%), SBM (22%), and DDGS (10%)
5
Cycle threshold required to detect the genetic material. A higher Ct value
means less genetic material present. The cycle threshold of ≥ 36 was
considered negative for the presence of PRRSV RNA.
a,b,c,d
Values in columns not sharing the same superscript letter are
significantly different (𝑃𝑃 ≤ 0.01)
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Table 2. Effect of treating soybean meal with the increasing levels of corn
on PRRSV detection using real-time qRT-PCR
Item1
Feed Ingredients
Negative Control
Virus Only
Feed Control I2
2.5% Corn
5.0% Corn
10.0% Corn
20.0% Corn
30.0% Corn
Feed Control II3
1

Ct4
36.9
15.4a
15.4a
14.9a
14.7a
14.9a
15.0a
15.0a
17.8b

SEM
0.367

𝑷𝑷
<0.001

A total of 81 samples were used for the analysis. For each treatment,
means are represented by n = 9
2
Soybean meal
3
FEED, complete feed
4
Cycle threshold required to detect the genetic material. A higher Ct value
means less genetic material present. The cycle threshold of ≥ 36 was
considered negative for the presence of PRRSV RNA
a,b
Values in columns not sharing the same superscript letter are
significantly different (𝑃𝑃 ≤ 0.05)
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Table 3. Effect of medium-chain fatty acids on PRRSV detection
using real-time qRT-PCR
Item1
Feed Ingredients
Negative Control
Virus Only
Feed Control I2
1.0% C6
1.0% C8
1.0% C10
1.0% C12
1.0% C6:C8:C10
1.0% C8:C10
Feed Control II3
1

Ct4
36.7
19.5a
19.1a
19.9a,b
20.7a,b
19.4a
19.6a,b
19.9a,b
19.7a
21.4b

SEM
0.829

𝑷𝑷
<0.001

A total of 90 samples were used for the analysis. For each
treatment, means are represented by n = 9
2
Soybean meal
3
FEED, complete feed
4
Cycle threshold required to detect the genetic material. A
higher Ct value means less genetic material present. The cycle
threshold of ≥ 36 was considered negative for the presence of
PRRSV RNA
a,b
Values in columns not sharing the same superscript letter are
significantly different (𝑃𝑃 ≤ 0.05)
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Table 4. Effect of the MCFA mixtures on PRRSV detection using real-time
qRT-PCR
Item1
Feed Ingredients
Negative Control
Virus Only
Feed Control I2
1.0% C6:C8:C10
1.0% C8:C10
0.5% C6:C8:C10
0.5% C8:C10
0.1% C6:C8:C10
0.1% C8:C10
Feed Control II3
1

Ct4
37.0
14.7a,b
12.6a
16.3b
16.1b
15.7b
15.6b
14.3a,b
14.3a,b
16.0b

SEM
0.607

𝑷𝑷
<0.001

A total of 90 samples were used for the analysis. For each treatment,
means are represented by n = 9
2
Soybean meal
3
FEED, complete feed
4
Cycle threshold required to detect the genetic material. A higher Ct value
means less genetic material present. The cycle threshold of ≥ 36 was
considered negative for the presence of PRRSV RNA
a,b
Values in columns not sharing the same superscript letter are
significantly different (𝑃𝑃 ≤ 0.01)
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Table 5. Effect of coconut oil, palm kernel oil, and C12 on PRRSV
detection using real-time qRT-PCR
Item1
Feed Ingredients
Negative Control
Virus Only
Feed Control I2
10.0% CO
5.0% CO
1.0% CO
20.0% PKO
10.0% PKO
1.0% PKO
5.0% C12
1.0% C12
0.2% C12
Feed Control II3
1

Ct4
39.2
17.6a
17.0a
17.0a
17.0a
17.2a
17.5a
17.4a
17.5a
19.0b
17.7a
17.7a
19.9b

SEM
0.390

𝑷𝑷
<0.001

A total of 117 samples were used for the analysis. For each treatment,
means are represented by n = 9
2
Soybean meal
3
FEED, complete feed
4
Cycle threshold required to detect the genetic material. A higher Ct
value means less genetic material present. The cycle threshold of ≥ 36 was
considered negative for the presence of PRRSV RNA
a,b
Values in columns not sharing the same superscript letter are
significantly different (𝑃𝑃 ≤ 0.05)
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